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Berzelius mentions that fluoride of calcium
has "been found in the waters of Carlsbad*......
Middleton has found it in the London pipe-
water* I was induced to search for it in the
water used in certain of the breweries in
Edinburgh, in consequence of learning that these
rapidly corrode the thermometers employed to
regulate the temperature of the boilers and
vats. *1 visited the brewery of Mr. Campbell,
situated in the Cowgete, behind Minto House, and
was shewn by his manager a thermometer
which*...... had been in use only a few weeks,
but was nevertheless so dimmed, that it required
to be dipped into water in order to confer upon
it a temporary transparency* is
Impossible not to connect the fact that the
thermometers are corroded, with the circumstance
that the water which occasions this corrosion
contains fluoride of calcium.
.*Water, as my own experiments prove,
may carry away fluoride of calcium from osseous
remains, as well as transport it to them. We
reouire to account for its detention in bones, as
well as for its conveyance to them. Prom an
experiment made in the laboratory, as well as
from their association in nature, I am inclined
to think that there is a double phosphate of
lime and fluoride of calcium, much less soluble
than the latter salt isj and that the production
of this compound fixes the fluoride and prevents
its abstraction by water.
GEORGE WILSON, M.D.
(later Professor of Technology,
Edinburgh University)
Trans, roy. Soc. Edinb..





Following the confirmation of the presence
• 4"7
of fluorine in bone***" in the nineteenth century?
further work on the physiology of fluorine was
limited by the inaccuracy of the methods of
chemical analysis. By modern standards? the
results quoted were very high? probably due to
phosphate contamination. However? it appears
that around 1860 a paper was published compering
the fluorine content of normal and rachitic
bone? the latter being reported lower. The
original article has never been located and is
only known by implication^®. It appears that?
since caries was considered to be a form of
rickets at that time? this was the basis of the
recommendation^ to give fluoride in the form of
Hunter's pastilles.
By the turn of the century Gabriel, in a
classical paper^? which also introduced the
procedure of ashing with alkaline glycerol? was
able to assert that teeth normally contain less
than 0*05% fluorine in the ash. It was not
until the use of steam distillation was
i<xc
introduced**4, however, that it was possible to
obtain reliable fluorine analyses#
It had been recognised early that fossils
contained a relatively large amount of fluorine#
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In fact the first report*** of fluorine in
material of biological origin was concerned with
enamel from a fossil elephant tooth# The
source of the fluorine was the subject of some
controversy until the investigations of
Middleton*3* who concluded that the fluorine was
progressively taken up from the water surrounding
the fossil, and that the amount of fluorine
could be used as a measure of the age of the
fossil# Thereafter, little interest was taken
in the question for almost a century#
In fact it was a completely different
approach which led to the revival of interest in
the biochemistry of fluorine* a brown
discoloration of the teeth which was found to
occur extensively in certain parts of the Rocky
Mountains was the subject of an extensive
u i
epidemiological investigation**3• It was
shown to be sharply confined to certain regions
and to depend on the type of water used, but
analyses of the water failed to show any
differences.
The cause remained unknown until 1931 when
analyses of water from these areas showed the
37
presence of fluoride**» At the same time it was
i cc
found1** that when the water was boiled down and
i
fed to rats, mottling of the incisors could he
produced, similar in appearance to the effects
i u
produced by administering fluoride1®* •
This led to work which initially was
related to removal of the excess fluoride™,
but at the same time there was a growing
realisation that the Incidence of caries was low
in areas with enamel fluorosis****^. The
relationship could not be regarded as proved
(more through reluctance to accept that teeth
which appeared badly formed could be regarded as
more resistant to carles than through lack of
evidence) until the series of investigations by
Dean on the relation of the fluoride concentration
of the water supply to caries, starting
45
cautiously in 1938** and culminating in the
4 b
classical paper** correlating the examinations of
some ?,000 children in 21 localities. The
incidence of caries and of fluorosis in relation
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to the fluoride concentration showed smooth
curves, decreasing in the case of caries and
increasing with fluorosis. The reduction of
carles was nearly maximal at the level where
fluorosis started to increase, and it was
concluded that this level of 1 p.p.m. fluoride
would "be optimal for dental health. A number
of other investigations have shown a rather
bo <
similar relationship7 * ***", but in no case was
*
there a sufficient number of points to specify
an optimum concentration with any accuracy.
This state of affairs is unfortunate, but in
view of the small number of water supplies
containing sufficient fluoride, and their
widely scattered nature, is probably inevitable.
An attempt has been made to overcome this
defect by calculation from the mean annual
temperature**.
Numerous areas now have fluoride added to
their water supply, and in several there have
been detailed dental examinations over a
sufficient period to demonstrate a marked effect
on caries. The earliest studies were surveyed
by a mission from Britain and their report" led
to the fluoridation of water, in Anglesey and
10 -
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Watford*3" and In Kilmarnock (see Appendix A).
The results of the surveys in these areas, which
include some work carried out during the present
investigation have "been set out in an official
publication3.
The initiation of fluoridation schemes has
provoked violent opposition from a few
individuals; many of the assertions made are
oulte unwarranted and many statements made in
good faith have been used to support a case
which was not within the ambit of the authors'
consideration. In these circumstances, true
discussion has been stifled since any
criticisms of fluoridation are immediately
taken as condemnation. Nevertheless, it must
be said that fluoridation is not as effective as
it might be, that it must be directed at a large
number of people who receive no benefit, and that
the control of the dosage to the individual, as
distinct from the community, is probably rather
imprecise, in spite of the narrow margin between
toxic and therapeutic doses. There is clearly
considerable scope for increasing both the
efficiency of administration, and the
effectiveness of the substances administered.
11 -
Both these alms recmire a knowledge of the
metabolism of fluoride* and of its mode of
action on caries so that factors which affect
these can be examined and assessed.
It is against this background of empirical
success and theoretical ignorance that the
present investigation was started and the results
represent little more than an examination of the
directions in which progress might be achieved.
Ultimately* these processes must be
described in terms of the processes occuring in
the early dental cavity* and one approach must
consider the chemistry of enamel, the chemistry
of the enamel-fluoride interaction, and the
chemistry of enamel dissolution; this is the
approach from molecular properties. Molecular
processes are, however, influenced by macroscopic
features, so that another approach must consider
the development of the carious cavity and the
factors which influence it.
Thus, the work described here begins and
ends in the carious cavity, and although the
topics considered in between are in some cases
rather distantly related to caries, the primary
object is to lay the basis for an integration of
• 12 *»




Dental caries is a disease which is almost
universal in industrialised countries* It has
also been increasing in severity in recent years*'
in the interval 1955 - 1963 caries in children in
Ayr has almost doubled* This is a rather
general statement because the exact ratio depends
to a considerable extent on the group chosen and
the method of measurement*
The first problem is therefore the
measurement of caries. An international
committee® has recommended that caries should be
reported as (1) prevalence or percentage of
individuals with cariesj (2) intensity* or total
amount of caries per individual and (3) incidence
or change in intensity per year. Prevalence is
of limited practical importance in this country
since the figures are almost always close to
100%* The intensity is measured in terms of the
DMF index, which is the total number of decayed,
missing or filled teeth per individual (the
deciduous teeth are assessed separately and
»* 14 **
designated "by a df or dmf index)* This index
is therefore a cumulative index with respect to
age* In fact in some areas the DMF is roughly
a linear function of age (e.g. Appendix A) "but
this does not apply in all cases* The DMF has
the advantages of simplicity, full use of the
available scale, and effective demonstration of
changes. The disadvantages are a lack of a
linear scale (i.e* there is no justification for
saying that DMF 2 represents twice as much caries
as DMF 1, unless a circular definition of amount
of carles is used), the obscuring of
differential effects on different teeth, the
dependence on the time of eruption of individual
teeth and the large standard deviation, although
the last is probably a result of the same effectB
which produce the useful discrimination.
To illustrate the practical effects of these
considerations, the results of a survey in 1957
of the teeth of 297 Edinburgh children of 14 years
of age (carried out in collaboration with
Dr* J*N* Mansbridge) will be quoted* The mean
DMF was 8*75 with a standard deviation of +5*80.
mm
In order to detect a difference of 10% between
two groups (which may be taken as the limit of
- 15
practical importance) it is therefore necessary
to examine at least 76 individuals for a 5% level
of significance# Furthermore with this size of
group a sex difference has to "be taken into
UA
account***• In the survey quoted the mean DMF
for "boys was 7*86 and for girls 9*75j the
difference "between these means would be
significant at the 5% level in a combined group
of 17 individuals. The age group chosen
exaggerates this difference, but in general the
difference between boys and girls is likely to be
significant. Thus in the measurement of caries
the subjects must be divided by age and sex and
each group wdlll require between 50 and 100
individuals, and the experiment is correspondingly
time-consuming. A mathematical relation
eliminating the effect of age would clearly be
useful, and an approach to this is described in
Appendix F.
The number of teeth about which there is
doubt in the diagnosis for caries is small in
relation to the total, so that the major part of
the standard deviation of the DBF is due to
biological variation. It appears therefore
more useful at this stage to attempt to divide
- 16 -
samples into groups in such a way as to reduce
the standard deviation, rather than to refine the
methods of examination. For this purpose
various types of test for caries activity are
reauired, "but those suggested so far are not
particularly satisfactory. Correlations have
been established between caries and bacterial
4-3 is* 5j
counts**, flow of saliva1*®, acid formation**,
76
end carbohydrate consumption*®, but only in the
last case is the relation other than weak. It
would seem that tests should be devised which are
more directly related to processes on the tooth
surface. However, no test can be expected to
measure the overall production of caries and if
several factors influence the incidence of caries
then a good correlation can only be obtained from
simultaneous tests.
Effect of fluoride on caries
The official report3, which includes the
results of studies in Kilmarnock, has confirmed
the conclusions of similar American investigations
at least as far as deciduous teeth are concerned,
- 17 -
that the addition of 1 p*p*m* fluoride to the
drinking water produces a substantial decrease in
the caries incidence* Further analysis of this
work is not at present available for publication*
12.
It has been found15* that the reduction in
carious surfaces is proportionately much greater
in incisor teeth, which decay principally on the
interproximal surfaces, than in molars (in which
decay is principally occlusal)* This again
emphasises the difficulty of using a non-linear
scale, since incisor cavities appear much more
slowly than molar cavities* To make a
comparison at the same age which is the normal
procedure is to compare a group of molars in
which most are carious already, and have been
for sometime, with a group of incisors which have
only just begun to decay* The comparison could
only be fair if the incidence of caries in these
teeth was constant with age, which it is not.
More difficult is the problem of how to make a
fair comparison* clearly one must first relate the
caries incidence to both the age of the child and
the age of the tooth. An attempt to do this has
A ppwna^i'x F
been made in filntpt'oi' 0, although the results so
far have been useful more as a qualitative
18 «■»
picture of eeries than for quantitative
assessments.
The age of a child at the start of
fluoridation has a marked effect on the extent
tO l ~7Z.
of the decrease in caries The effect is
*
in fact related to the age of the teeth, rather
than the child, and for maximum effect the
fluoride must have "been consumed during the early
stages of development. A slight effect has "been
reported on erupted teeth**. These observations
lead to the conclusion that the fluoride is
effective "by virtue of its incorporation into the
teeth during development.
The direct application of fluoride to teeth
after eruption has also been effective in
decreasing caries, either as solutions of sodium
; 7<y b<f
fluoride*** or stannous fluoride** or as
• 133
toothpaste15**". These procedures have a limited
period of effectiveness and must be repeated at
appropriate intervals: no study has been cerried
on sufficiently long for an adequate comparison
with water fluoridation, and some workers have
had difficulty in reproducing the results**®, so
that the relative effectiveness of the procedure
is not clear. It should also be pointed out
- 19 -
that concentrated solutions sre used, and the
reaction, initially at least, is different.
Mechanism of fluoride action
If the action of fluoride occurs through
incorporation into the enamel, it follows that
there should "be a raised concentration of
fluoride demonstrable in enamel. This can
readily he shown after topical application of
177
fluoride, as might he expected***; in an area
i *
(South Shields) where the drinking water
contained approximately 1 p.p.m. fluoride it was
*tz
found** that the fluoride content of enamel
increased from 90 p.p.m. at age 10 years to
180 p.p.m. at 44 years whereas in Leeds with less
than 0*5 p.p.m. fluoride in the water the fluoride
content was 58 p.p.m. at 10 years and 108 p.p.m.
at 33 years. However it is known that enamel
has a very much higher fluoride concentration in
Cfi
the surface* one reportP* showed that in teeth
from individuals aged less than 20 years, the
surface enamel contained 500 p.p.m. fluoride,
compared to ahout 50 p.p.m. for the inner layers
- 20 -
in en area with 0*1 p. p.m. fluoride in the
drinking water? in teeth from an area with
1 p.p.m. fluoride in the drinking water the
corresponding levels were 890 p.p.m. in the
surface and 130 p.p.m. in the interior.
It is possible to suppose that a twofold
Increase in fluoride could be responsible for
a 50% decrease in caries? on the other hand,
the fluoride levels in enamel are so low that
some form of concentrating mechanism appears to
be a distinct possibility.
21
Jenkins has found** that oral bacteria
are inhibited by 6 p.p.m. fluoride at pH 5 and
has suggested that the fluoride is concentrated
in the plaque on the surface of the tooth and
released under acid conditions to inhibit the
bacteria. It seems doubtful, however, whether
a sufficient concentration of fluoride could
be produced in the presence of salivary calcium
without precipitating calcium fluoride.
A more likely concentrating mechanism
derives from the fact that fluoride reacts with
enamel (as discussed below), so that when enamel
dissolves, the fluoride will react with the
exposed enamel, producing an accumulation in the
- 21
area of solution# When enamel is dissolved in
rcid, little fluoride can he detected in the
<\o
solution** { in fact, the fluoride content of the
enamel increases, although the solubility appears
22
to he affected by other factors than fluoride.
Carious enamel is known to contain more fluoride
no
than the corresponding non-carious enamel*** and
■ 35
to take up fluoride preferentially1"**#
»
Chemical properties of hard tissues
The first experimental investigation of
US
fluoride uptake by teeth*** was concerned with
whole teeth# It was shown that decalcified
teeth took up little fluoride from G*75% sodium
fluoride, and that carious teeth took up more
than sound teeth# Since a tooth contains three
different hard tissues, which ere themselves
structurally heterogeneous, it is not easy to
specify precisely the nature of the tooth
material used in an experiment! bone, on the
other hand, is, at least superficially, more
homogeneous, but a considerable amount of work
has been done on calcium phosphates precipitated
22
in vitro, the composition of which can "be
controlled. In spite of the differences
between these tissues, the inorganic component
of each is a form of apatite, since the X-ray
diffraction diagrams are similar*^.
The crystal structure of fluorapatite
(Cas (PQ* )aF) is know with a high degree of
iff
precision15*', and hydroxyapatlte gives a very
similar diffraction pattern. Unfortunately it
is impossible at present to grow large crystals
of hydroxyapstite, so that the atomic co-ordinates
are not known so accurately. Furthermore the
atomic Ca/P ratio can vary from 1*3 to 1*7 in
(44
1hydroxyapatite1 and in bone without
affecting the diffraction pattern. Surface
35
effects account for some of this variability***;
another possibility is the substitution of
hydrogen ions for calcium in the apatite
i 44
lattice***, which is supported by the formation
of pyrophosphate on heating**. Hydrogen ions
cannot be located directly by X-ray diffraction,
30
but more recent work8* has suggested that
hydroxyapstite and octocalcium phosphate
(PQ4 )e.SHflO (which also gives an apatite
diffraction pattern) can form mixed crystals.
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The crystal size in apatites precipitated
in vitro depends on the conditions and is an
important property of the material, since the
surface area is always large. The crystal size
in hone is more constant: from X-ray diffraction
3 a
measurement**" the length is 600 - 700 A.
o
(corresponding to the collagen handing at 640 A#
O
intervals) and the diameter is 50 A. Electron
microscopy** has, however, suggested a length of
o
200 A. Enamel crystals are ahout 1600 x 400 x
o I So
170 A."*** and the surface area is 1*8 sq.m./gm.
compared with 100 sq.m./gm. for glycol-ashed
hone*30* •
Access to the crystal surface is determined
hy the density of the organic matter between the
crystals, which hinds the structure together.
In hone, dentine and cementum the organic
fraction represents ahout 20% mostly in the form
of collagen fibres. In enamel there is only
0*5$ w/w protein} the only other organic component
I?/
present in comparable amounts is 0*1% citrate4**.
»
If all the organic matter was evenly distributed
on the crystal surfaces the thickness would he
o
ahout 30 A. indicating a crystal separation of
o
60 A. In fact the organic matter is not evenly
24 ~
distributed and there is a variable amount of
water to accommodate (2-4%). Most of the organic
matter occurs in certain special structures
visible under the optical microscope (lamellae,
I i)<6
tufts and prism sheaths)***. There is clearly
also a fine framework of organic matter
surrounding the crystals, and visible under the
i
electron microscope*"** , but owing to difficulties
of fixation, the thickness has not been
measured.
It has clearly been shown that water will
flow through enamel of extracted teeth, under
external forces**, and can be forced out,
presumably by cellular action, from teeth
immediately after extraction®*. An indication
of the size of the pores has been obtained from
investigations of the effect of liquids of
different refractive indices on the retardation
4-2
of polarised light**. Intact enamel was
penetrated readily by methanol, but not by any
higher alcohols, suggesting that the pores are
o
about 5 A. across.
The solubility of calcium phosphates has
attracted much attention, partly because of the
complex nature of the standard solubility product,
- 25
but more particularly because the solubility
! °5_
varies with sol id/solution ratio*"*# As
* 9
this ratio was increased, the calcium in
solution increased, but the phosphate rose to a
maximum and then decreased. This is clearly a
surface effect, but the explanation suggested by
Neuman**^ has been challenged*** and further work
is still needed.
Mechanism of fluoride incorporation
1
In a comparative survey*** of the fluorine
content of teeth from India and U.S.A., the
Indian teeth contained 5-10 times as much
fluorine, although there was little difference in
the fluoride in the water supply. Some of this
fluoride might have come from the food, or from
the higher water intake in a hot climate, but
this is not sufficient to account for the marked
difference. A possible explanation is that
something else is reauired in the diet to
achieve a high fluoride level, that is there may
be a natural, possibly enzymic mechanism with this
function.
- 26 -
A difference in the prevalence of caries in
\37
two Hungarian towns"*3**7 was explained on the "basis
of the difference in the molybdenum content of
the water, and this was confirmed "by a similar
S4-
investigation in New Zealand**- • The amount of
fluorine in the femur of rats on a diet
containing 0*08 fig*/g. fluorine was almost
doubled by administering 0*25 mg. molybdenum
IT4-
daily1"**1", and molybdenum in the drinking water
had a synergistic effect with fluoride on caries
1 75
in rats***. Molybdenum deficiency is not
common however, and can hardly be expected to be
more than a sporadically important factor in
human caries.
Following an intravenous injection into
rats of 0*1 jig. fluoride labelled with ,#F
*
some 50$ of the redioactivity was recovered in
the skeleton, 30$ was excreted in the urine and
the remainder was distributed through the soft
tissues. The teeth contained about 1*5$ of the
dose and the half-time of disappearance of
fluoride from blood after 30 minutes was about
* j?z
15 minutes***. The metabolism of fluoride is
relatively rapid, and the major port is taken up
in areas where active calcification is
27
proceeding. Excretion of accumulated fluoride
continues for several years when the fluoride
I oL
intake is reduced*^, "but this is probably due to
replacement (remodelling) of bone rather than
loss from existing bone.
Ingested fluoride is thus normally
incorporated into teeth from tissue fluid, which
is assumed to have the same fluoride level as
blood, currently accepted to be in the region of
i 77
0*1 - 0*15 p. p.m.***' although Hall*53" has
recently claimed lower values, too small to
measure. On the other hand topical applications
of fluoride are always carried out with
concentrated solutions and the primary product
l 5 Q>
of the reaction is calcium fluoride,
together with stannous phosphate if
stannous fluoride is usecr3'. There is no
doubt, however, that calcium fluoride is
slightly soluble in saliva, and any
precipitate formed on a tooth in the mouth will
eventually dissolve away. In the process the
tooth will be bathed in a low concentration of
fluoride ions over a considerable period.
Whichever method of fluoride Incorporation is
being considered, it is of interest to enquire
28
into the process of fluoride uptake at low
concentrations.
The difference in the reactions at high
and low fluoride concentrations was discovered
0<6
during the War in Germany'*®'. In concentrated
solutions CaPa was formed and phosphate
liberated into the solution; in dilute
solutions* little phosphate was liberated, but
the solution became alkaline, indicating
replacement of hydroxyl in hydroxyapatite by
fluoride. Calcium fluoride is formed when its
IC3
solubility product is exceeded*^. However,
since the reaction was started in a fluoride
solution containing no calcium, the precipitation
of calcium fluoride would depend on the rate at
which calcium dissolved compared to the rate at
which fluoride was taken up. Consequently, the
amount of calcium fluoride depended on the
113
sol id/solution ratio*5**.
The eouilibrlum between hydroxyapatite
and fluoride takes so long to be established
that it is doubtful whether it has ever been
achieved. Elephant and mastodon molars from
the Lower Pleistocene (c. 10® years) showed
14-Z
an F/PflOB ratio of 0'064 - 0*083***
- 29 -
(theoretical maximum for fluorapatite 0*089),
and there is no evidence that the reaction had
stopped. Allowing for the possibly low
concentration of fluoride in the ground water
surrounding the teeth, and the effects of
several Ice Ages, it can be stated that
equilibrium is unlikely to be attained in a
laboratory experiment. One attempt has
I3S
actually been made**1* in which a solution of
2 p.p.m. fluoride was passed through a column
of glyeol-ashed bone until the fluoride content
of the effluent was not detectably different
from the solution flowing in. This took 80
days, and the final fluoride content of the bone
was 1%» (The fluoride content of fluorapatite
is 4%).
In spite of the lack of equilibrium there is
no doubt that the reaction can be reversed.
u?
Smith and Davey*"5** showed that bone powder used
for removing excess fluoride from water could be
ns
regenerated with alkali, and McCann1**3 showed
that the longer enamel had been in contact with
fluoride, the less was the proportion of fluoride
removed in a given time by N potassium hydroxide.
Further, the uptake of fluoride has been shown to
- 30 -
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depend on the pH over a limited range*®"*. No
investigation has been found on the effect of
hydroxyl ions on pure fluorapatite, although this
would seem to be a useful line.
Many investigators have been content to
examine the reaction after a single time
i£>;5
interval: Leach*4* chose six hours and stated
114-
1 little farther uptake occurs1; McCann*®3*" used
S3
three to four weeks without comment; Ericsson8*1
used thirty minutes, again without comment.
Studies on the time course of the
reaction have also produced very varied results:
i7^
Adler**"* concluded that the reaction was complete
in one hour (at which stage the enamel contained
0*038% fluorine); the Indiana workers**- found
a steady increase in fluoride uptake over 25
lis
hours, while McCann*3* found that the uptake was
higher after one week than after one day and
higher still after 8 weeks. These variations
are no doubt partly due to the different
conditions used, but also to the problem of
obtaining results sufficiently accurate to
measure slow rates of reaction. In no case has
a quantitative analysis of enamel uptake been
attempted.
- 31 -
More consistent results have "been obtained
with radioactive fluorine, although the short
half-life limits experiments to about 10 hours.
Hardwicl*?* published a curve showing the uptake
of ,aF by an Intact enamel surface over a
»
twelve hour period without any comment on its
significance. If this curve is replotted
against the square root of time an almost
«fo
straight line is obtained. Further worls?*®'
showed that under similar conditions the mean
depth of penetration of the fluoride was about
100 microns, so that the amount of fluoride
which could have passed through the enamel was
negligible. These results strongly suggest
that the reaction is diffusion-limited. The
time course of the fluoride reaction with
2JL
hydroxyapatlte also follows the same curve*^!
•
the 'saturation value' reached after 12 hours is
related to the surface area, and there is an
initial rapid uptake, presumably due to
adsorption. This clearly divides the reaction
on a small crystal into three stagesi
(1) adsorption; (2) diffusion into the crystal
surface; (3) diffusion into the crystal interior.
- 32
The third stage must "be much slower than the
second, hut it is possible that the diffusion
constant decreases steadily towards the crystal
interior. These stages were postulated by
l«4-
Neuman'"®* for the uptake of radioactive
phosphate by hydroxyapatite, but the process was
analysed in terms of sequential exponential
reactions such as occur in radioactive decay
series. It should be noted that only one set of
points is given to justify this analysis, and
these points, presumably the best values
obtained, could just as well be fitted with a
smooth curve. Further, this type of analysis
is based on the assumption that each reaction
proceeds simultaneously, although the model
proposed is sequential; in addition if a reaction
in a sequence does not proceed to completion
the rate of the succeeding reaction depends on
the position of equilibrium, which in turn
depends on the measured variable, the amount of
material remaining in the solution.
As far as enamel is concerned, one has to
consider separately (1) the reaction of the
exposed surface; (2) the diffusion through the
pores (3) reaction with the internal crystal
33 -
6>2~
surfaces. In Hardwick1s experiment**, the first
is negligible, and the second is probably
rate-limiting since if the third were rate-
limiting the reacting surface area would be
growing continously and a simple diffusion
relation could not be expected. In experiments
with powdered enamel on the other hand the
diffusion through the pores is likely to be
complete in a few hours (judging from the rate
of penetration*5), after which one is effectively
studying the reaction of the entire accessible
crystal surface.
Investigation of reaction
In order to study the reaction of fluoride
with enamel one must have methods available for
(1) isolating the enamel In a suitable state;
(2) carrying out the reaction without
interference; (3) measuring the fluoride; and
(4) comparing different samples of enamel.
As far as the isolation of enamel is
concerned, it is clearly preferable to use intact
enamel, but the uptake of fluoride is so small
- 34 -
that only radioactive methods are suitable.
The alternative is to use powdered enamel, which
can be more homogeneous, but has the disadvantage
of an exposed surface not normally present, and
a greater risk of contamination (with dentine).
The two main sources of interference in this
type of experiment are loss of fluoride by
i 70
adsorption on glass"*** and growth of
micro-organisms. The first requires that glass
should be avoided as far as possible, and that
sintered glass should not be used at all. The
second requires the addition of a suitable
chemical, since sterilising enamel without
altering its protein, and maintaining sterility
during repeated sampling, present considerable
difficulties. Levinskas*"*8 found chloroform
satisfactory in studying the solubility
eouilibrium of hydroxyapatite.
Measurement of fluoride
It has already been pointed out that in the
reaction between fluoride and developing teeth the
fluoride is probably present at a concentration
35 -
In the region of 0*1 p.p.m., and the same is
probably true of the reaction between salivary
i>~7
fluoride and erupted teeth**". It is therefore
of primary interest to investigate the reaction
in vitro at concentrations of this order, and a
method for the accurate measurements at this
level is reauired. This is possible by standard
methods if large volumes are available, as, for
example, in water analysis, but when the sample
is restricted to 1 ml., no available method is
both sufficiently sensitive and sufficiently
accurate.
The standard method of fluorine analysis
involves ashing (if organic matter is present)
steam distillation to remove fluoride from
interfering metals and anions, and estimation by
i27
competition with a dye for complexlng a metal'***.
The limiting factor in this procedure is the
distillation**. The introduction of diffusion
of hydrogen fluoride from concentrated
I bZ
perchloric acid1** when polythene bottles became
available has greatly reduced the blank value and
the volume of the liquid in which the fluoride is
collected. More recently the use of a
164-
polypropylene Conway unit has been suggested***.
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Several metals and numerous dyes have "been
suggested for the final analysis', with little
to choose "between them. In all cases the
estimation depends on the decrease in colour of
the metal-dye complex on adding fluoride. The
increase in free dye could be measured but the
extinction is usually smaller. A considerable
advance came with the synthesis of alizarin
I (o
complexan^®", a combination in one molecule of
alizarin (a popular dye for fluoride
measurement) and a chelating agent, which forms
a red complex with several rare earth elements
and a blue ternary complex with the rare earth
\7
and fluoride**. It is now accepted that the
lanthanum complex gives the best results**.
The blank value is rather high, but can be
greatly reduced by extraction with 5%
hydroxylamine hydrochloride in isobutanol , and
an increase of optical density of 0*1 in a 1 cm.
cell is then obtained with 0*4 |ig. fluoride.
This procedure is more specific than other
methods, but phosphate causes severe
interference, as with almost all other methods
using a metal.
Other methods of estimating fluoride have
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given no "better results. Of electrical methods,
12.o
polarography has appeared the most promising**"1
"but is still subject to phosphate interference,
since a metal plays an essential part. This is
unfortunate, "because if fluoride could "be
estimated in the presence of phosphate, fluoride
uptake by enamel could be carried out without
separating the fluoride, and with a consequent
reduction in the possibilites of error. The
only sensitive method which is said to be free of
so
phosphate interference5* is the inhibition of
esterase", but it has never been investigated
thoroughly nor was it adequately confirmed
107
until fifty years later
Plan of qtudy
•
, : ' ; f
The primary aim of this investigation has
been to develop a method for the analysis of
fluoride which met the requirements discussed
above. In the first instance a polarographic
method was chosen, and used to evaluate the
diffusion separation required concomitantly;
the results are described in the next Chapter.
In Chapter 4 the purification of esterase
from liver is described, together with an
investigation of the Kinetics of the enzyme and
the development of a suitable procedure for
using it.
The preparation of enamel in a rsultable
form was also investigated and described in
Chapter 5 together with some measurements of its
reaction with fluoride.
Chapter 6 contains a general discussion,
Chapter ? a summary of the whole work, and
Chapter 8 the bibliography In alphabetical order*
In Chapter 9 ere included reprints of all the
papers related to the subject of this
investigation published by the author. Except
where continuity makes it essential, no material
from these papers has been included in the other
chapters, but references to Chapter 9 appear at




The original technique of* polarography
developed "by Heyrovsky, consisted of the
'4!
measurement of the current flowing through a cell
composed of a reversible anode, a conducting
electrolyte and a mercury drop cathode when the
applied voltage was varied, A relatively
simple electrical circuit can be used for manual
recording of the current*
The component which gives the system its
useful properties is the mercury electrode. In
its usual form, a fine glass capillary is broken
off sauarely and placed with the broken end in
the cell, and the other end connected to a
reservoir of mercury. The drops of mercury
which form at the lower end of the capillary are
practically spherical} the rate of formation
can be changed by using different capillaries,
and by altering the reservoir height. In this
type of system the mean current over the life of
the drop is usually recorded.
When the cell contains only the base
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electrolyte, a small residual current is found,
which rises steeply when the voltage is
increased to the point where discharge of
hydrogen ions occurs (i.e. electrolysis). If
a substance which is more easily reduced than
hydrogen is present, a current is produced due
to the reduction process! this current is
limited by the rate of diffusion of the
reducible material up to the mercury drop, and
because the latter is spherical and continually
replaced, this diffusion current is proportional
to the concentration of the reducible substance
(providing the reduction is reversible). There
is a characteristic voltage (the half-wave
potential) for each substance below which little
reduction occurs and above which the diffusion
current becomes established.
When the reduction is not reversible, it is
usual to carry out an amperometric titration, in
which the current is measured at constant
voltage when the reducible material is removed
by the addition of suitable reagent. The
reverse process can also be used! fluoride has
been determined by measuring the progressive
change in the diffusion current of thorium
- 41
nitrate when titrated with the fluoride
Ioz
solution4"4"*. The method was suitable for
3-30 pg* fluoride*
It is possible to measure small currents
very accurately and poiarography is theoretically
capable of a very high sensitivity* Attempts
have been made to Improve the original
polarograph by using solid electrodes* These
are inherently less stable than the mercury
Ui
electrode, but Shoemaker*'* claimed to measure
10 fig* fluoride with an error of less than Z%
with a rotated platinum electrode, and 1 - 2 jig*
with 7 - 12% error.
More successful have been developments in
the use of a varying voltage and more refined
means of analysing the current13* These include
derivative polarography, oscillographic
polarography with an alternating current imposed
on the direct current, and sauare-wave
polarography®*. Another variant attracted
attention by the publication of a sensitive
I 2.1
method for the determinationof fluoride*
This instrument, known as a cathode-ray
polarograph, is designed to apply to a single
mercury drop a steadily increasing voltage, and
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to display on an oscillograph screen a plot of
3±
current flow against applied voltagd*. A
capillary is used which gives a drop time in
the region of seven seconds, and the voltage
sweep is applied during the last two seconds of
the life of the drop in order to minimise
changes in surface area.
The advantage of this instrument is that
when the applied voltage reaches the half-wave
potential of the substance being examined, all
:JS.-
the molecules in the region of the electrode
are available for reduction. The oscillograph
therefore shows a marked peak in the region of
the half-wave potential followed by a fall to
the diffusion current level as the steady state
is established. Some illustrations of these
peaks are shown in Appendix D.
The method for measurement of fluoride is
necessarily indirect since fluoride does not
give a polarographic wave. It is found that the
peak given by certain o-hydroxy aso-dyes (due to
reduction of the ezo-group) is decreased in
height by the presence of aluminium and that a
second peak is formed. Fluoride decreases the
height of this second peak by complexing with the
IS? 12)
aluminium*"*®. The procedure described*33 for
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the determination of fluoride "by this means was
examined to assess its usefulness.
0*5 - 2*5 txg. fluoride in a few ml. water
was placed in a 25 ml. flask and 5 ml. freshly
mixed reagent was added. The reagent was
made up from stock solutions to contain
0*6 fig./ml. A1 (from potassium alum), 0*4- N
ammonium acetate pH 3*6, 0*02 N ammonium
chloride (to react with the Ag/AgCl anode) and
0*01% Solochrome Violet RS. (Proteose
peptone was recommended*** as a maximum
suppressor, "but this was omitted since no
maxima were ever encountered with this
solution). The ammonium acetate was adjusted
to pH 3*66 with concentrated perchloric acid
and shaken with 1 ml. 1% acetylacetone to
extract impurities. The acetylacetone was
removed by extracting five times with 25 ml.
portions of chloroform, and the solution was
heated to remove the chloroform, resulting in
a small rise in pH.
All the flasks for a particular series
were collected together, made up to volume and
heated together for 30 minutes at 65 - 75°C.
The following day the solutions were placed in
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the polarograph cells In a water-bath at 25°C.
and oxygen-free nitrogen was "bubbled through
the cells for 20 min. The mercury cathode and
a silver wire which formed the Ag/AgCl anode
were placed in each solution in turn and the
shape of the polarographic waves was observed
on the screen of the cathode-ray polarograph
over the full voltage range.
Two waves were obtained, a large one at
about -0*4 V. and a small wave at -0*55 V.
Alteration of the concentrations of aluminium and
dye showed that the height of the first wave was
primarily dependent on the dye concentration and
the height of the second wave varied with both
aluminium and dye concentrations. B'luoride
decreased the height of the second wave, but the
results were somewhat variable. While testing
possible causes for this, it was noticed that the
blank value varied with positions of the flask in
the series and a check of this showed a
systematic error. All the flasks contained
reagent, but no fluoride and were treated as far
as possible in an Identical manner, in the order


























The source of this systematic error remained
obscure until it was noticed that late in the
evening the setting sun fell on the flasks which
had "been left for polarography the following
morning. The previous experiment was therefore
repeated, except that the flasks were placed in a
cupboard immediately after heating. The result
for the same flasks wasi
Mean 0*7035 gamp.
Standard deviation ±0*0075
Coefficient of variation 1*1%
This procedure was therefore followed in all
further work. The figures also give an
indication of the accuracy of the instrument used.
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The effect of fluoride was then re-examined*
I1 added Wave height Depression
fig. uamp. jiamp. fxamp. / fig
0 0*725
0*5 0*660 0*065 0*130
1*0 0*615 0*110 0*110
1*5 0*570 0*155 0*103
2*0 0*530 0*195 0*098
2*5 0*485 0*240 0*096
3*0 0*445 0*280 0*093
4*0 0*375 0*350 0*088
5*0 0*320 0*405 0*081
izi
It was stated by MacNulty et al.*33 that this
calibration was linear up to 2*5 fig.} this result
has not "been confirmed, "but the reproducibility
appeared to "be satisfactory*. In later work it
was apparent that a calibration curve drawn by
eye had little advantage over a straight line
since the random error in the former was of the
same order as the systematic error of the latter#
Since 3 jig. A1 (contained in each flask)
corresponds to 2*1 jig. F» it may be noted that
formation of AIF3 would produce a depression of
0.725/(3 x 2.1) = 0*115 jiamp./jig. F. Under the
conditions of high dilution, a series of Al/F
complexes ore probably present but this figure
suggests that the uncharged complex predominates.
In order to make full use of an instrument
TABLE I
RenroduclTbility of polarogreph measurements
Mean
Added Reading Expected Difference expected
fig.F jxamp. ug.F Hg.F pg.F
0 1*200 -0*0261 -0*0261 +0*008
0 1*195 +0*0107 +0*0107
0*5 1*135 0*4524 -0*0476
0*5 1*125 0*5261 +0*0261 0*502
0*5 1*125 0*5261 +0*0261
1*0 1*065 0*9678 -0*0322
1*0 1*045 1*1150 +0*1150 1*066
1*0 1*045 1*1150 +0*1150
2*0 0*935 1*9249 -0*0751 1*9802*0 0*920 2*0353 +0*0353
Standard deviation ±0*0623
(n « lo)




(for no P added) 1*196 fxamp#
Mean F 0*850 jng»
±0*030
±0*018
Coefficient of variation of mean F » 6*1%
Coefficient of variation of mean reading = 0*65%
[to face page 47
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it is important that the largest quantity
measured should be adjusted to produce a
maximum deflection, at least when there is a
linear scale such as the cathode ray polarograph
possesses. The full scale deflection on the
range considered was 1*25 qamp. and the amount of
aluminium was increased in order to bring the
blank value nearer to this point. An amount of
5 ug. aluminium per flask was found convenient,
although the actual height of the wave varied
somewhat between experiments. This is
attributed to the particular conditons of
overnight incubation and emphasises the
necessity for running standards for every
measurement, and ensuring that all flasks
receive precisely similar treatment.
The reproducibility was then checked using
this larger quantity of aluminium. The results
are shown in Table I and Fig. 1.
In order to obtain an estimate of the
variability, the regression line for the
calibration graph was calculated. Since the
primary Interest is in the analytical
possibilities, the amounts of fluoride were
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parameters obtained are the best available for
estimating unknown fluoride concentrations from
observed readings. Other calibration graphs
to be discussed later have been treated in a
similar manner to facilitate comparison.
The graph in Pig. 1 is clearly linear
within the experimental error. The intercept
(Table I) is less than one standard error from
the observed values* and there is no systematic
shift in the differences between the observed and
calculated values for the fluoride concentration.
The standard deviation for this particular
range is ±0*062 fig, The originators of the
method quoted a reproducibility of ±10fo for the
23
range up to 10 fig,**» without specifying how this
was calculated. The coefficient of variation in
the present series was 6*1% in a lower
concentration range, which compares favourably
with the original claim.
It may be noted, however, that when the
coefficient of variation is calculated on the
basis of the readings taken, it is almost ten
times as small, and close to the minimum difference
between readings. It is therefore probable that
the main cause of variability is an instrumental
49
one; and although the Instrument is satisfactory
for direct readings, the transformation required
to estimate amounts of fluoride magnifies this
variability greatly. Nearly all methods for
measuring low levels of fluoride are based on a
decrement effect, and their accuracy is decreased
correspondingly.
Separation of fluoride
Methods of fluoride analysis which make use
of the complexing ability of metals are affected
by interference from the presence of other metals,
and of anions such as phosphate which complex the
metals. The standard procedure for removing
this interference is steam distillation of the
f/c
fluoride as fluorosilnc acid. The sample is
mixed with concentrated perchloric (or sometimes
sulphuric) acid and a little sand, steam is
passed through while the acid is held close to
138°C., and about 150 ml. distillate is collected
in dilute alkali. This procedure was tested,
but satisfactory results could not be obtained
when less than 10 gg. fluoride was used. Part
- 50
of the difficulty with this method lies in the
extreme dilution produced, "but there is also a
"blank value approximating 1 p.g# fluoride#
The construction of a microstill was
considered, but a method which appeared more
convenient had been published a short time before
16z
and it was decided to examine this procedure***•
»
The original description specified placing 1 ml#
sample in a 2 oz. polythene bottle and freezing#
The bottle was then transferred to a Dewar flask,
and 2 ml# cold perchloric acid was added by means
of an all glass syringe with a three inch fixed
glass needle# A receiving strip was made up
from a sheet of polythene roughened on one side;
a small amount of sodium hydroxide solution was
placed on the roughened area and dried in a
desiccator* One of these strips was placed in
the bottle immediately after the acid and the cap
was screwed on. The bottle was then incubated at
50°C# for 20 hours to volatilise the hydrogen
fluoride, allowing it to be absorbed by the
sodium hydroxide. The strip was removed, and the
lower end was cut off; the strip was placed in a
tube of water and centrifuged to remove air
bubbles, and then shaken on a mechanical shaker#
- 51 -
With this procedure, the originators
obtained 99% recovery after 20 hours, hut lower
values at shorter times, using 20 ug» fluoride.
The blank was stated to be 0*012 fig. with a
standard deviation of ±0*013, so that there
appeared to be a good chance of satisfactory
results with much lower levels of fluoride.
Certain modifications in this procedure were
made in carrying out preliminary trials. It
appeared unlikely that any fluoride could be lost
in the few seconds between adding the acid and
putting on the cap, when complete diffusion
required many hours and an elevated temperature.
Since the ecuipment necessary for cooling was not
readily available, this part of the procedure was
omitted initially, with the possibility Of
testing it later if good recoveries could not be
7r
obtained. Hall®30 confirmed that freezing was
unnecessary.
The polythene strips were suspended from
grooves cut in the neck of the bottle, which
avoided the possibility of perchloric acid
creeping up the strip. The preparation of these
strips occupied a considerable proportion of the
time reemired for an analysis, and at the
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suggestion of Dr. J.K. Grant they were replaced
Toy pieces of platinum gauze* which were suspended
from a polythene cross-piece. The sodium
hydroxide solution was spread on the gauze with
the pipette and dried in an oven just before use.
The procedure adopted for testing was
therefore as followsj
Polythene bottles of 75 ml* capacity were
slotted to take pieces of polythene sheet, on
which could be hung pieces of 60 mesh platinum
gauze. The gauze was covered with 0*05 ml. N
NaOH and placed in an oven to dry. 1 ml. of
sample solution was placed in a bottle and a
dried gauze was hung in position. 2 ml. 72%
HC1CW was added quickly by means of an
all-glass syringe with a fixed 3*1 capillary
needle, and the lid was Immediately screwed
down. The bottles were swirled gently to
complete the mixing and incubated in an oven at
60°C. for 20 hours. The pieces of gauze were
then placed in polythene tubes and covered with
water. Methyl Eed was added and just
sufficient 0*1 N HCIQ4 to give a permanent red
colour. The solution was then washed into a
volumetric flask containing the reegent, and
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the fluoride was estimated polarographically as
already described.
The Initial results were somewhat erratic}
an investigation of the effect of phosphate on
diffusion illustrates the characteristics of the
methodi 0*5 ml. 0*1 M phosphate was added to two
diffusion "bottles together with 0*5 ml. 2*5 p.p.m.
fluoride solution. In two other "bottles water




The "blank value is here equivalent to about
0*58 jig. fluoride. The disagreement between the
duplicates makes any firm conclusion about the
effect of phosphate rather difficult.
The variation of the blank value was
examined as a possible source of error. Five
portions of distilled water were diffused, and
2 gg. fluoride was added to two of the tubes in
















































The interaction and diffusion variances are
considerably larger than the replication variance
"but the ratios are not significant. It is
probable that diffusion introduces a larger error,
and although the effect is not significant the
standard deviation due to diffusion alone is
given as 0*025 compared with 0*014 for the
actual measurement procedure. It appeared
unlikely that variable blanks were afiecting the
results greatly.
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At this stage, owing to the failure of the
polarograph, it was necessary to use a higher
.level of fluoride which was measured by titration
with thorium nitrate**".
After elution of the gauze which had been
diffused, the solution was neutralised using
phenolphthalein as indicator and placed in a
Nessler cylinder with 1 ml. 0*4 N
monochloracetate buffer pll 2*9 and 1 ml. 0*03$
alizarin sulphonate and titrated with 0*1 mM
thorium nitrate to match a blank containing
0*3 ml. thorium solution.
An indication of the cause of the
variability was obtained when the period of
diffusion was altered. 20 fxg. fluoride was
placed in the diffusion bottle and the amounts
found on the gauze after diffusion were*
Diffusion time (hr.) 16 41
Ho. of measurements 4 2
Mean fluoride found ug. 18*5 20*4
Standard deviation *0*82 0
A more extensive check of the effect of
diffusion time was therefore made. Using
56
20 qg. fluoride the results were*
Diffusion time (hr. ) 16*5 20 24 40 65 90
Recovery % 73 84 92 94 92 98
Using 10 qg. fluoride*
Diffusion time (hr.) 45 70
Recovery % 94*4 101
Standard deviation ±1*5 ±3*6
No. of bottles 8 8
The accuracy of the titration varied with the
quality of daylight available. The reason for
the long time necessary for completion of the
diffusion has never been ascertained. The
dimensions of the bottles used for diffusion
were of the same order as those in the original
description*6*® so that the surface area and
depth of the liquid would be comparable. The
difference might lie in the surface area of the
sodium hydroxide absorbent. It may also be
significant that quite recently it has been
reported that with a polythene Conway diffusion
cell, perchloric acid gives poor recoveries
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compared with sulphuric acid?*'.
With the repair of the polarograph a further
check on the diffusion method was made at a
lower level of fluoride. Blank values were
first determined for all the diffusion "bottles*
the mean reading obtained for 13 bottles after
4 days incubation at 60°C. was 1*432 qamp. with
a standard deviation of ±0*027. This gives a
coefficient of variation of 1*9%, which is
higher than the value obtained for the
polarograph itself (Table I). The variance
ratio is not rmite significant at the 0*1% level,
so that the diffusion procedure clearly
introduces an additional source of variation.
In the same experiment the mean reading for
three undiffused blanks wss 1*475 jiamp. The
difference between these two means was equivalent
to 0*13 qg. fluoride, and was less than two
standard deviations. It was therefore concluded
that values of the blank for individual bottles
would not be sufficiently reproducible to make
their use worthwhile, and a mean value was
employed.
Next, 2*5 jig. fluoride was diffused in the
bottles in two experiments and the polarograph
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readings were compared with the corresponding
values without diffusion!
Fluoride added none 2*5 {Ltg* 2*5 \xg.
Diffusion no no yes
Experiment 1
No# of observations 3 3 12
Mean reading uamp. 1*567 0*822 0*842








Assuming that the blank value determined in
the previous experiment is applicable here, the
results indicate that recovery of fluoride is not
oulte complete. The recoveries are respectively
92% and 95%. The ratio of the variances of the
two sets of diffusion measurements is significant
at the 0*1% levels although there was no
difference apparent in the conditons of the two
experiments sufficient to account for this
result# The variance of the diffusion
measurements in Experiment 1 does not differ
significantly from the variance of the readings
in Table I.
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The standard deviations of the diffusion
measurements in terms of fluoride are ±0*034 jag.
and ±0*097 jig. respectively. These values cannot
strictly he compared with Tahle I since the slope
of the calibration graph has changed, hut it seems
prohahle that in Experiment 1 an exceptionally low
value of the standard deviation has occurred hy
chance, and later calibration curves have usually
shown a higher variation.
The coefficient of variation of the estimate
of fluoride in Experiment 2 is 3*9%. This
appears not unreasonable, but it must be observed
that if 1 jug. had been measured with the same
standard deviation, the coefficient of variation
would have been 10/C, which is distinctly high.
It appeared that the variability introduced
by diffusion was somewhat higher than that
inherent in the polarographic measurement, but
not sufficiently greater to be readily detected.
Each set of measurements took one week for
jcompletion and it was felt that the amount of
v/ork involved in attempting to Improve further the
accuracy of the diffusion procedure would not be
justified by the possible results.
The procedure was used as it stood in a
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number of investigations, and some useful
information was obtained, but on the whole the
results were not encouraging and the possibility
of devising a more suitable method for fluoride
analysis was considered.
Polarography of arsonic acids
If one adds fluoride to a solution of a
suitable metal complex, the fluoride forms a new
complex with the metal, leaving free an amount of
the original complexing agent proportional to the
amount of fluoride. This is the basis of almost
all methods of fluoride estimation, but in most
cases the properties of the system make it
necessary to measure the amount of metal complex,
which decreases with added fluoride. The effect
of a metal on the polarographic wave of a
complexing agent depends on whether the electrons
of the reducible group are involved in the
bonding; if this is so, then the wave will be
moved to a greater negative potential, and
possibly to such an extent that no interference
occurs with the wave of the uncomplexed substance
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(although the rate of dissociation of the complex
will also "be a determing factor)#
The metal chosen for examination was thorium,
"because it has the highest affinity for fluoride
2,4-
in a convenient pH range**# Over a period, the
effect of fluoride on a large number of thorium
complexes was examined. Several interesting
observations were made, and a study of the basis
of these effects is described in Appendix D# As
far as fluoride analysis was concerned, only two
compounds were found to show the increase for
which the search was made# One of these was
Chrome Azurol S, already well known as a reagent
| 3 <9
in fluoride determination1** • Since almost all
» *
the dye in solution was precipitated by
standing overnight with thorium it is probable
that thorium decreases the polerogrephie wave by
polymerisation# There was a relatively large
blank value, but between pH 2 - 3*5 the wave
height showed little change# The change produced
by fluoride was however only ±0*012 juamp./pg#
(compared with -0*14 |j,amp«/pg# for Al/Solochrome
Violet RS), which implied a considerable loss of
sensitivity.
The other substance which showed promise was
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.g-nitrobenzenearsonic acid. The final method is
described in Appendix E. The polarogram of
nitrobenzenearsonic acid shows two main waves, one
at about -0*25 V., the other at about -0*80 V*
On addition of thorium the first wave is
unaffected, and the second wave decreases in
height; on adding fluoride also, the second wave
increases in height, the first again being
unaffected. This is a most useful effect, since
the ratio of the heights of the two waves provides
an internal comparison which eliminates possible
variations in concentrations between samples, (of
importance where the adjustment of pH in small
samples is necessary) and increases the accuracy
of measurement. The change in the second wave
at the level of 10 ng. fluoride was 0*33 pamp./pg.
At higher levels a change of 0*56 (ir mp./pg. was
obtained, but at lower levels the effect of
fluoride disappeared. This was found to be due
to the decrease in the height of the second wave
of nitrobenzenearsonic acid, relative to the
first, on dilution; the second wave almost
disappeared at ICT^U and was about half the
height of the first at 5 x 10""4M. This fact, and
other evidence detailed in Appendix D led to the
- 63
conclusion that the second wave was due to
adsorption of the nitrobenzenearsonic acid on the
surface of the mercury*
Discussion
There are four factors which must he
considered in assessing an analytical method;
these are accuracy, sensitivity, specificity and
rapidity. To a very large extent, improvement
in any one of these factors is likely to he offset
hy a disadvantageous change in one or more of the
other factors. Any useful method is thus a
compromise, chosen on the "basis of the relative
importance of the factors.
In the present work the primary emphasis
was placed on sensitivity, with the aim of
measuring 0*1 gg. fluoride. However, accuracy
was also important, and all operations were
carried out to less than 1% error in the
anticipation that this would lead to a final
error of little over !%• Clearly the final
error is a function of the number of operations
to he carried out (i.e. the rapidity) and
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shortening a method should, from this point of
view, increase the accuracy, although other
effects may swamp the change. Furthermore, a
short method is less liable to accidental errors
and can "be more easily rechecked if necessary.
Nevertheless a lengthy method would he
acceptable if it could provide a sufficient
level of accuracy.
In the first method examined, the ma^or
portion of the time required to complete a run
was occupied by incubation of the samples, which
required no attention during this interval.
The actual working time was not long, and the
procedure was found to be suitable for the
analysis envisaged, but it was less satisfactory
for experiments designed to improve the accuracy,
where one prefers to design each experiment on
the basis of the results of the pervious one.
Several other workers have used diffusion
bottles for separating fluoride; in most cases
larger amounts of fluoride were used, but all
claimed diffusion was complete in twenty-four
172
hours or less. Stegemann1"*®' measured 4-8 p.g.
t
fluoride after sixteen hours diffusion, but did
S3
not give any measure of variability. Buttner*®
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also used sixteen hours and obtained a standard
error of 0*2 pg. with 5-30 ing# fluoride added#
The method has been refined considerably by
Hall*, who obtained 96% recovery of 0*1 fig# with
a standard deviation (calculated from the results
given) of ±0*0083 jug#, and better values at
somewhat higher levels#
i M
It is significant that the originators*3®
»
of the diffusion method have not used it
extensively in their later publications, and
i fc 4
have recently suggested*^ that a polypropylene
Conway unit is more suitable, although no figures
are given. The use of a Conway unit has been
recorded in a number of recent investigations#
75
Greenland*4' obtained an error of 4*6% with
2-10 fig# fluoride. Prere*®" claimed 93 - 95%
recovery, with a precision of 2%, diffusing
1-50 fig. fluoride at room temperature#
ps S
However Wharton**** disputed this and stated that
incubation for 24 hours at 60°C. was necessary
for 0*5 - 3 fig#; the standard deviation under
these conditions was ±0*03 fig# It appears that
the Conway cell is likely to prove more suitable
for small amounts of fluoride, but there is
still scope for refining the technique#
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The second method described is entirely-
novel, both ss regards the reagent employed and
the mechanism of the reaction} arsonic acids are
standard reagents for the gravimetric analysis
-
of thorium, but no record of their use in
polarographic analysis has been found in the
"
literature. The method provided a convenient
and accurate determination of microgram amounts
of fluoride, but is unfortunately not
sufficiently sensitive for the present purposes.
As for specificity, all fluoride methods
show interference from substances which complex
fluoride, principally Al, Fe, Sn, Zr and Th.
These are present in dental tissues at low
concentration and are unlikely to be the source
of any difficulty. All fluoride methods based
on metal chelation ©re in addition susceptible
to interference from substances v/hich form
complexes with the metal used. The two principal
materials in this class which occur in dental
tissues in relatively large amounts are phosphate
and citrate. For this reason any method using a
■
metal in the final solution requires either
diffusion or distillation before the estimation.
The accuracy of measurement should, however, be
67 -
increased "by eliminating this stage; consequently
methods of fluoride measurement not requiring any
metal should under favourable conditions not
reouire diffusion# Two such methods of requisite
sensitivity are knownf the adsorption-isotope
.71
dilution method1"**, has the overriding
disadvantage of necessitating a cyclotron in the
"basement, owing to the short half-life of ,aF|
1the other method" is ensymic and is described




Enzymes are now used in a number of
standard methods of analysis* The general
principle is to select an enzyme which uses as
a substrate the substance which is to be
determined, and to couple this reaction either
directly or indirectly with a reaction involving
another substance which can be readily measured,
usually apectrophotometrically. The initial
reaction proceeds to completion and the product
should be formed stoichiometrieally* The
conditions are thus favourable for obtaining a
high accuracy, and with a suitable choice of
enzymes, a high specificity may also be obtained*
The only enzyme at present known to use
fluoride as a substrate is pyruvic kinase
(2*7*1.40)' which has been shown to catalyse the
reaction:
F~ + ATP —» FPCb ~ + ADP
'Jl,
An assay method has been described*^ for
the enzyme in which phosphoenolpyruvate, lactic
dehydrogenase and NADH are added, and the
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disappearance of NADH is followed
spectrophotometrically. Pyruvic kinase is now
available commercially and by adding it to the
system, fluoride activation could readily "be
coupled to RADH oxidation.
The molar extinction coefficient for NADH
at 340 mp is 6,22(PB* t so that a change in optical
density of 0*1 is equivalent to a change in
concentration of 16*1 pM. In an ordinary 1 cm.,
4 ml. cell this corresponds to 0*064 pmoles or
1*2 ug. fluoride. Thus as a method for fluoride
analysis, the sensitivity is not adectuate for the
present work. The sensitivity could "be increased
"by using micro-cells, although there is then a
loss in accuracy due to the difficulty of
measuring small volumes; the sensitivity might
also be improved by the use of fluorimetry*.
The method has many advantages ?;here a high
sensitivity is not required and it is hoped to
examine it in the future. The principal problem
to be anticipated would appear to be
contamination with pyruvic acid of bacterial
origin.
Another method of using enzymes for
analysis involves the measurement of changes in
- 70 -
the rate of the reaction produced "by the
substance to "be measured. Such kinetic effects
have "been utilised for analysis in inorganic
I 53
systems*** , "but h^ve never been employed widely
probably because of the liability of reactions to
inhibition by a variety of materials. This is
certainly the primary disadvantage in using
enzymes but it can be overcome in two ways:
either the components of the system must all
be known both qualitatively and quantitatively
and their effects on the enzyme determined, or
the composition of the system must remain constant
through each set of determinations (apart from
the substance being measured). In the present
investigation the major components were known,
but an endeavour was made to maintain the
composition constant in order to prevent any
interference from minor components.
The advantage of this method is that one
is using a chemical amplifier which provides
a much higher sensitivity: each molecule of
inhibitor, reacting with one molecule of enzyme
is able to influence the rate of formation of
1?rge numbers of molecules of the product. This
may be offset at high dilutions by dissociation
71
of the enzyme-inhibitor complex and the limit of
usefulness is in practice set "by the kinetic
characteristics of the enzyme.
In the literature, two enzymes have been
suggested for fluoride analysis by virtue of
their high sensitivity to fluoride inhibition;
3* III
liver 'lipase' and potato acid phosphatase*^
(3.1.3.2. )• No confirmation of these
reports was available at the time this
investigation was started, apart from a very
155
brief note***, but it was necessary to decide
which enzyme to use since a considerable amount of
preliminary work was necessary. Liver 'lipase'
had two advantages: it was claimed that it was
unaffected by phosphate®^, and the sensitivity
was reported as being the higher of the two;
furthermore it was felt that knowledge of the
biochemistry of this type of enzyme activity was
at a potentially more interesting stage. The
value of liver 'lipase' for fluoride analysis has
since then been confirmed'**.
i ii
It was claimed13^ that liver 'lipase' could
be inhibited 50% by sodium fluoride at a dilution
of 1 in 5,000,000 i.e. 0*1 p.p.m. F# In
addition to the analytical possibilities of
- 72 -
this statement, it is of interest from two
other points of view. (X) Lipases and esterases
134
are considered to "be non-metallic enzymes**®" and
no organic structure is known with a high
affinity for fluoride ion. The characterisation
of the active site of the enzyme might therefore
lead to a new reagent for fluoride. (2) The
concentration of fluoride in "blood is stated
t 63
to he in the region of 0*1 p.p.m.*** and
SI
analyses of soft tissues*® indicate a similar
concentration in cell water. It is thus of
Interest to enquire what function an enzyme can
perform in the presence of a substance a"ble to
inhibit it almost completely. Possible
explanations cannot be discussed profitably at
the present stage, but it may be relevant that
Hall has claimed*^ that the fluoride content of
blood is much lower than at present indicated
by authorities.
Substrate
Having selected the enzyme it was next
necessary to select a substrate. The substrate
73 -
of liver 'lipase' was ethyl butyrate (the enzyme
is now classified as an esterase (3.1,1.1.) )}
the estimation depends on the titration of
liberated hydrogen ion and cannot he used in the
I ?c
presence of buffers. Indoxyl acetate1"** was
tried, but the indigo produced was adsorbed
strongly onto the protein present and no solvent
could be found to extract it completely. At a
later stage indoxyl acetate was again tried with
a clear enzyme solution, but was finally abandoned
because it showed an induction period;
ferricyanide, which might have abolished this,
was inhibitory.
A further point also became evident; it
was necessary to dissolve indoxyl acetate in
an organic solvent in order to test it, and to
use the enzyme in an untreated cell homogenate.
Thus it was possible that there might be
sufficient solvent to inhibit the most useful
enzyme, although other esterases might not be
inhibited. It was clearly desirable therefore
to use a soluble substrate. Carboxylic
gg
substrates (e.g. aspirin*27) would probably
have restricted the pH range by insolubility in
acid, and a substrate containing a sulphonate
- 74 -
group appeared preferable#
Two other main types of substrate for
esterase have been suggested, both of which can
be sulphonated. The indophenol dyes used as
redox indicators (and usually sulphonated
already) can be acetylated and form useful
it
substrates'3®* • However, these dyes are also pH
indicators, which would complicate the
estimation over a wide pH range. Various
substituted naphthyl acetates are used
extensively in histochemical methods for
esterases, by coupling with dlazonium salts.
In this application, low solubility is sought,
so that soluble substrates are not available
commercially. The extensive investigation by
7c,7l
Gomori^—" was found useful in selecting the
most suitable type of compound, and a simple
(3-naphthol carrying a sulphonate group on the
opposite side of the ring was selected.
The compound sodium 2-naphthol-6~
sulphonate was acetylstefi by heating 20 g.
(0*08 mole) on a water bath for 4 hours
under reflux with 5 g. (0*06 mole)
anhydrous sodium acetate and 60 ml. (0*6 mole)
acetic anhydride. The mixture was poured into
- 75 -
ethanol to precipitate the ester, and the
resulting solid was extracted with hot 70%
ethanol to remove sodium acetate#
Recrystallisation presented some difficulty
since any solvent containing water caused
hydrolysis and the product was not soluble in
non-aqueous solvents. The product was
eventually recrystallised from glacial acetic
acid containing a few drops of water, with only
slight heating to dissolve it initially, until
the colour produced on adding the diazonium
salt was reduced to a constant minimum.
The final product showed only a slight
reaction with diazonium salt; after incubation
with enzyme solution a much greater reaction
was obtained. Taken together with the
unambiguous method of synthesis, this evidence
was considered sufficient to characterise the
substance as g-acetoxynaphthnlene-6-sulphonste.
Some evidence as to purity was obtained from an
elementary analysis kindly carried out by
Dr. J.W. Kinnisf C, 50*17%; H, 3*32%; Na, 7*5%
(from residue assumed NagSQ*); S» 9*18%; 0
(difference), 29*83%; required for CiaHaSQftNa;
C, 50%; H, 3*1%; S, 11*1%; Na, 8%; 0, 27*8%.
- 76
The data suggest that the original material
was deficient in sulphur, which was replaced "by
oxygen without reducing the acid groups. It
is difficult to suggest how this could "be done,
and further confirmation might he useful. It
is clear, however, that no water of
crystallisation is present, and, assuming that
all molecules are acetylated, the molar
concentration can he calculated with little
error. In fact, the size of the blank value
produced in the enzyme tests by solutions of
the substrate indicates that about 2% unacetylated
material is present.
Measurement of enzyme activity
The enzyme reaction was carried out in
phosphate buffer, adding tris or acetate as
necessary for wider pH ranges. It was then
necessary to stop the reaction and adjust the pH
to a constant value for all tubes before adding
the diazonium salt, as the rate of coupling varies
with pH. Various methods of stopping enzyme
reactions in neutral solution were considered
77 -
and zinc precipitation to adsorb the protein
appeared to "be the simplest. The solution was
not entirely clear however, and alter coupling
acid was added. (Heating could not "be used
for inactivating the enzyme as there was
appreciable non-enzymic hydrolysis of the
substrate).
Method If To each sample, made up to 1*8 ml.,
was added 0*5 ml. buffer containing 0*4 M
acetate, 0*4 M phosphate and 1*2 M potassium
(adjusted to the required pH v/ith hydrochloric
acid) and 0*4 ml. of a suitable dilution
(usually fiftyfold) of homogenate. The enzyme
action was started by adding 0*2 ml. 0*1%
substrate end the tube was Incubated at room
temperature for 15 min. The enzyme action was
stopped with 0*6 ml. solution containing
0*05 M zinc ion (added as zinc oxide) and
M maleic acid adjusted to pH 6*5 v/ith potassium
hydroxide, producing a precipitate of zinc
phosphate. 0*5 ml. 0*12% diazonium salt of
jg-nitraniline (dissolved initially in acetone
to a final concentration of 10%) was added,
colour development being complete in less than
5 min. Finally 0*5 ml. 70% trichloracetic
Ts"ble II over
TABLE II
Extinctions at specified wavelengths in
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acid wps added* the tube was centrifuged and
the optical density was measured at 487 mp..
This method was useful in the presence of
large amounts of contaminating protein, but was
not sufficiently accurate for kinetic work.
The reason for this was not examined, but it was
found later that the substrate was unstable in
acid. The possibility of using the ultraviolet
absorption of the substrate (as suggested by
Hofstee for aspirin**") was therefore investigated}
the measurements are shown in Table II.
It was concluded that the free naphthol
could be conveniently and accurately measured in
the presence of its acetate from the absorption
maximum at 331 mp. Furthermore an increase of
sensitivity of about twentyfold, with some loss
of accuracy could be obtained from measurements
at 242 mp, although this latter has not so far
proved necessary.
The absorption shown by the substrate at
331 mp includes the absorption of the impurity
present and the shape of the absorption curve
suggests that about 2% impurity still remains.
Further work might result in a slight improvement.
The substrate showed a definite non-enzymic
- 79 -
hydrolysis at pH greater than 7*5. This
property was utilised to check the extinction
after complete hydrolysis. 26*5 rag. substrate
was incubated in 25 ml. 0*01 F sodium
hydroxide. 0*6 ml. was removed at intervals,
0*75 ml. 0*4 M phosphate buffer pH 2 was added
and the solution made up to 4 ml. The results
were:
After 18*5 hr. 5 ml. of solution and 9*575 ml.
phosphate "buffer were made up to 50 ml. The
extinction at 531 met was 0*459. This is
eauivalent to an extinction of 0*435 for a
concentration of 0*01%. The reaction was thus
98% complete after one hour. The result of
this experiment has been used whenever it has
been necessary to calculate the absolute amount
of substrate or product from the extinction.
The existence of a characteristic spectral
absorption of the product of an enzyme reaction
is a very convenient means of following the











Effect of acid on enzyme reaction
Each tube contained:
0*6 ml. 0*1% substrate
0*75 ml. enzyme (Preparation 10/3B diluted
50x) (where specified)
Acid as specified
Water to make 3 ml.
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reaction, and can be used in two ways* either
continuously, in the spectrophotometer cell, or
after stopping the reaction at a particular time.
The time course of the enzyme reaction was
examined, but was not used for most of the work
owing to the long incubation required.
Furthermore, in work with fluoride it was
desirable to avoid carrying out the reaction in
silicon-containing vessels.
For stopping the reaction trichloracetic
acid was first used, but with purified enzyme
solutions (3.1.1.2 and 6), there was so little
precipitate that it failed to pack adequately in
the centrifuge, and hydrochloric acid was
preferred for clear solutions, as no precipitate
was produced. The blank, however, appeared to
increase with time so the effect of various
concentrations of acid was investigated.
(See Table III). It was concluded that with
0*03 mec. of acid there was no appreciable
non-enzymic hydrolysis nor any enzyme action.
This solution was found to have pH 2, which was
a fortunate coincidence since the first
dissociation of phosphoric acid has a pK = 2
approximately; the precise adjustment is
81
therefore not very critical and small variations
in the "buffering capacity of the reagents are not
of great importance. The final procedure
adopted for measuring the enzyme activity was as
follows:
Method. II: In a polythene tube were placed
in order 0*75 ml. 0*4 M phosphate buffer (pH 6*5
unless otherwise specified), water to give a
final volume of 3 ml., 0*75 ml. enzyme solution
suitably diluted and the sample containing
fluoride. The tubes were placed in a water
bath at S5°C. and 0*6 ml. 0*1% substrate was
added to start the reaction, the contents being
mixed by lateral shaking. After 1 hr., 1 ml.
0*54 N hydrochloric acid was added and the
extinction was measured at 331 raji.
Enzyme preparation
t H
The original description1^ for the
preparation of the enzyme was taken as a model,
but grinding with sand was replaced by
homogenisation. 1/2 lb. of pig liver was cut
up, placed in a Waring blendor with 800 ml. water
- 82
and homogenised for 1 min.
Having established the conditions for
measurement, the initial investigation was
concerned with the effect on pH;
Preparation 3/0 (whole homogenate), final
dilution 250x
Method I, 0*2 M tris/acetate buffer,
incubation 15 min. at room temperature.










0*07 0*115 0*15 0*16 0*23
In this preparation the activity rises
progressively with pH (in a somewhat similar
manner to the activity of crystalline pig liver
esterase8 ) and the effect of fluoride becomes
greater at lower pH.
Owing to this effect and to the non-enzymic
hydrolysis of substrate in alkaline solutions and
the desire to eliminate any effects of phosphate,
a new buffer was prepared and compared with the
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previous one;
Preparation 4/0 (whole homogenate) final
dilution 500x
Method I, incubation 15 xnin. at room temp.
Activities in units of optical density
corrected for "blank











It appears that an enzyme is present with a
pH optimum at pH 5.5, which is inhibited "by
Jfcrishydroxymethylaminomethane. The marked peak
appeared consistently in this particular
preparation "but has not "been observed in others
(as in the previous table). This is clear
evidence that the esterase activity of liver is
heterogemeous; this has also been demonstrated by
143
electrophoresis***6", but has not been generally
appreciated.
Purification was therefore clearly desirable
and for this, a method of measuring the amount of
contaminating protein was recmired, rapidity being
Table IV over
TABLE IV
Measurement of' organic content of homogenete
1 ml* diluted homogenete
3 ml# IV mM sodium dlchromate in
concentrated sulphuric acid
Heated in "boiling water for 20 min#
Optical densities R x
Dilution 440 mu 650 mu 650 mu dilution
less "blank
(K)
00 1-10 0*135 0
100 1*11 0*285 0*150 15*0
50 1*10 0*427 0*292 14*6
25 0*67 0*600 0*465 11*6
10 1*05 0*79 0*66 6*6
5 3*0 1*8 1*7 8*5
R is the relative organic content
[To face page 84
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in this ease more important than accuracy. For
cj4-
thls reason the procedure of Johnson*30* was
examined ( see Table IV)• The original method
specified absorption measurements at 440 mg
i.e. the disappearance of the dlchromate colour
was measured. However, no change could be
detected at this wavelength with small amounts
of homogenate, but the appearance of the green
colour of the chromic ion could be measured
readily in the same solutions at 650 mp. The
calibration becomes more curved as the amount of
material Increases, but providing measurements
are restricted to the middle of the range, a
rough assessment of the organic content is
2±
available. The original method*^ has not been
4-7
used much*3®', the results ouoted may be the
reason for this.
Purification of enzyme
Following preliminary experiments the lirst
stage was an examination of the high-speed
supernatant, which showed only weak fluoride
- 85 -
Inhibition;
Preparation 9/3W (supernatant after
centrifuging for 30 min. at 90,000 g)
final dilution 125x
Method I, "buffer pH 5*5, incubated 15 min. at
room temperature
Activities in optical density at 487 mu
corrected for "blank
pg. F/ml. 0 0*05 0*1 0*19 0*38 0*63
Activity 0*155 0*17 0*17 0*145 0*16 0*15
Ug. F/ml. 0 1 2 5 10 25
Activity 0*13 0*105 0*11 0*105 0*105 0*07
Inhibition was only clearly apparent at
25 p.p.m. F, although it is possible that a minor
component of the activity is inhibited down to
1 p.p.m. F. Attention was therefore turned to
the particulate fraction and the activity was
[P.T.O.]
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compared with the original homogenate;
Preparation 9, final dilution 50x for organic
content 850x for activity
Method I for activity, pH 5*5, incubated
10 min. at room temperature






Since the specific activity has not altered
significantly, there would appear to be prima
facie, no purification by this procedure. It has
however been shown that the supernatant enzyme is
less susceptible to fluoride than the homogenate,
so that the procedure must separate two enzyme
activities of similar specific activity#
In order to obtain a preparation more stable
to storage, the effect of freeze-drying on the
particulate fraction was investigated# The
activity on reconstitution the following day was




Supernatant after Q n.vn
1000 g 30 min. 0 18 0
Sediment after
90,000 g 30 mm. 0 065 0 11
- 3? -
over a period the activity gradually dropped, and
this procedure was not pursued. The effect of
fluoride was however determined on the frozen-
dried preparation:
Preparation 8/2FD (frozen-dried particulate
fraction, reconstituted) final dilution
125x
Method I, incubation 15 min. at room
temperature
Activities in optical densities corrected for
"blank
Buffer pH 5 5*5 6
Ho fluoride 0*04 0*06 0*09
With 0*25 p.p.m. P 0*015 0*025 0*045
Although the activity is rather weak, the
figures show that an effective inhibition is
present with a low level of fluoride.
Further progress with purification was
unlikely to be very great with an insoluble
preparation, and methods of solubilising the
enzyme were considered. It has been claimed
ss
that esterase can be solubilised with alkali®4',
but it was not clear which enzyme was involved.
I 3 Z.
A more general method is butanol extraction***,
and this was found to be very satisfactory;
The sediment after centrifuging at 90,000 g for
- 88
10 sec# in 1/3 of the original volume of cooled
water and i|-butanol was added with stirring over
a period of 30 min. at 4°C. to make a total
concentration of 20%. After stirring for a
further 30 min., the mixture was centrifuged at
90,000 g for 30 min. The layers of butanol
and precipitated protein were removed and the
aoueous layer was extracted gently with toluene.
The solxxtion was stored in a refrigerator under
toluene.
The effectiveness of the whole procedure was
examined "by measuring the activity and organic
content of each fraction. Borne difficulty was
experienced in completing the estimations "before
"bacterial attack on the homogenates had started,
in spite of storage under refrigeration, and




Method I for activity, incubated 15 min. at
room temperature
All figures in arbitrary units





125x 125x 42x 42x
0*60 0*57 0*9 0*12
p , ,.;e (pH 5*0 0*073 0*152 0*079 0*265
(PH 5*5 0*071 0*252 0*120 0*575
Bcoiviiy ^pH 6,0 0.174 o*260 0*198 0*355
activity pH 6*° °"29 0#46 0#2S 3#0
H = Whole homogenate
L = Low speed supernatant
S = High speed sediment
E = Butanol extract
The specific activity of the high speed
sediment, as has been shown already, is roughly
similar to that of the original homogenate, but
the activity in this sediment represents less
than a ouarter of the whole, so that it cannot
be expected to have a very great effect on the
properties of the whole homogenate# The organic
content of the butanol extract was measured after
drying on a water bath to eliminate the toluene
- 90 -
used as preservative, and is considerably
higher than in other preparations# In one
case the organic content of the butanol
extract was reduced to 1*5% of the original,
but it was not possible to„ compare the
activities# There is also a very marked
activation by butanol extraction, presumably due
to removal of access limitation by the material
to which the enzyme was originally bound;
however, it will be shown that organic solvents
have an activating effect# In the experiment
above, the activity at pfi 5 was increased from
0*265 to 0*385 by the inclusion of 2% acetone in
the incubation mixture# This efiect together
with the multiple nature of the esterases
present makes the specific activity a somewhat
unreliable guide to the degree of purification
achieved#
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Properties of enzyme extracts
In the first piece the level of fluoride
inhibition was examined:
Preparation 9/2WB (butanol extract) final
dilution 62x
Method I, pH 5*5 incubated 15 min. at room
temperature
Activities in optical densities at 487 nig
corrected for "blank
Final F gg./ml. 0 0*05 0*1 0*2 0*5 0*4
Activity 0*275 0*175 0*105 0*09 0*075 0*065
Inhibition % 36 62 68 73 76
Under these conditions the level for 50%
inhibition appears to be in the region of 0*07
p.p.m. F» which provides effective confirmation
iii
of the original report1=8=4 • As already indicated,
however, the results obtained with this method
are not sufficiently accurate for quantitative
analysis.
It was also found that 1 mid EDTA had no
effect during incubation or when pre-incubated
with the enzyme. The effect of glutathione was
92 -
more interesting:
Preparation 9/2WB (butanol extract) final
dilution 62x
Method I, pH 5*5, incubated 15 min. at room
temperature




0*6 uM/ml. glutathione during O'ORB
incubation
Enzyme pre-incubated 5 hr. with n,1Q7
1 uM/ml. glutathione
Glutathione is thus inhibitory during
incubation but not if pre-incubated with enzyme.
While numerous explanations are possible, the
simplest is that the esterase is also a
peptidase and the inhibition is competitive.
During pre-incubation the glutathione is almost
certainly hydrolysed, since peptidases may be
expected to be present apart from the esterase.
Many proteolytic enzymes are known to have
esterase activity: the esterase action of
zz
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Fig. 2
Time Conrce of enzyme reaction
■flt.fcert t,n f»qiint,1nTi:
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0*6 ml. enzyme (Preparation 10/3B) final
dilution 42x
0*75 ml. 0*4 M phosphate/acetate buffer pH 5*5
1*35 nil. water
Reaction started with 0*3 ml. 0*2% substrate
t P P/t c/t
1 0*018 0*018 0*0208
2 0*033 0*0165 0*0196
3 0*044 0*0147 0*0175
4 0*055 0*0138 0*0162
5 0*064 0*0128 0*0154
7 0*081 0*0116 0*0141
10 0*102 0*0102 0*0127
15 0*131 0*00873 0*0110
20 0*156 0*00780 0*00995
25 0*178 0*00712 0*00936
30 0*198 0*00660 0*00880
35 0*215 0*00624 0*00824
40 0*232 0*00531 0*00788
45 0*248 0*00552 0*00765
50 0*263 0*00526 0*00730
55 0*279 0*00507 0*00718
60 0*292 0*00487 0*00692
65 0*306 0*00471 0*00669
time in min.
P as extinction of solution at 331 mp.
corrected for "blank
Q ss In Sc/S
S0= initial substrate concentration
S as substrate concentration after time t
(i. e. So — P)
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Kinetics
The kinetics of the reaction were next
investigated using the ultraviolet absorption
of the substrate. The extinction was recorded
at intervals and an example of the results is
shown in Table V and Fig. 2. The figures were
analysed by means of the integrated Michaelis
eeuation:
1 - -*t ♦ ▼
K and V being constants; the other terms are
defined in Table V.
It is clear that the points lie on a
straight line within the experimental error, and
that for practical purposes the eauation is obeyed.
During the course of the run. the substrate
concentration was reduced by a factor of 0*65.
If two different enzymes were present the graph
should show curvature; it is therefore
concluded that if a second enzyme is present,
either its Michaelis constant coincides with that
of the first enzyme, or that the constant lies
well outside the range of substrate concentration
examined. In either case the preparation is
Ta"ble VI over
TABLE VI
Calculated values for K and V at different
substrate concentrations for equation;











error of K 0*0032 0*0018 0*043
-0*00131 -0*00154 -0*00434
1
V -763 -649 -230
K
V 360 604 671
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effectively a single enzyme in this range as far
as the kinetics are concerned#
The remarkable feature of the graph in Fig. 2
is that both the constant terms are negative.
Two other runs were carried out at different
substrate concentrations and K and V were
Q
calculated in each case by regression of on
P
the results are shown in Table VI.
It is obvious that one or more of the
assumptions on which the Michaelis equation is
based do not apply in this case; on the other
hand, the fact that the data fit the equation,
shown by the low values for the standard errors,
suggests that a relatively minor modification
should provide an explanation for the negative
values of the constants.
A similar situation has been recorded for
IFS
the action of pancreatic lipase***. The fit of
the data to several rate laws was investigated,
and the best was the integrated Michaelis
eouation, which fitted well up to 40% product
formation, but thereafter showed a slight but
distinct curvature. The curvature was explained
on the basis of a three stage reaction, which
- 95
represents a simple form of substrate activation;
S + OH*" + E - ^ EXi + Pi
S + OH" + EX, EX* + P,
EX» * > E + 2Pa
This leads to a rate equation containing the two
terms of the integrated Michaelis equation plus a
second order term which is reciprocal function of
the substrate concentration, and conseauently
there are three constants in the eouation. The
constant corresponding to V (as defined above)
was then independent of the initial substrate
concentration (S0) and ^ was proportional to
S0. The introduction of a third constant not
only makes the computation more difficult, but
also makes it much easier to fit the data to an
incorrect equation.
On the principle of Occam's razor, therefore,
an attempt has been made to fit the present
results to an enuation containing only two terms.
A comparison of Fig. 2 with the usual form of the
ICI
graph*31* shows that the negative constants are due
A
to decreasing instead of increasing. The
rate of increase of Q is there!ore slower than
expected, which means that there is more'
* 96 -
substrate remaining than expected. The
reaction is clearly inhibited, hut it is
important to determine whether the inhibition
changes during the reaction, as appears likely at
first sight. The genepal equation for enzyme
inhibition is**;
Vm Km V • clI
~ = ~ + iqs+ ig + 1
dS
V " dl
Km - Michaelis constant
Vm — maximum value of v
Ki - inhibitor dissociation constant
I ~ inhibitor concentration
a — constant depending on type of
inhibition
This equation has been integrated for each
of the three cases, putting respectively I = P,
I - S and I = constant and the value of the




(Ki + S0)Km *iVm
V
I = P
Ki - Km + aSo Ki ■" Km + aSo
I = S
KiKm KiVm






In the first two cases there is an
additional term in S2 which disappears when
a = 0 (competitive inhibition). It is clear
that negative values can only he obtained for K
and V when the inhibition increases with the
progress of the reaction. This can occur either
through product inhibition or through substrate
activation. It may be noted that whatever form
of substrate activation is assumed, the So term
which characterises the coefficients of the
integrated eouation in product inhibition (and
arises from the substitution P = So - S) cannot
occur in the coefficients of the eauation for
substrate activation because no such
substitution is made. nevertheless, Table VI
showed that K and V are functions of So,
so that the effects must be due to product
inhibition; substrate activation is not excluded,
TABLE Vila
Reaction sequences leading; to negative constants
Reaction 1
E + S ^






-> E + P
Kp =
[«1 W




k,S + (ka '+ kg )(KpP + 1)
(ka f ka )(1 + KpS0)
k, - (ka ♦ k3 )Kp
*
k,ksE0




E + 3S EP + P,
EP >E + Pa
k | k3 Eo S
v =
K =
k, 8 + kaP + k^
ka + kaSo
k, - Is®
k | k3 E0
k, - kg
Reaction 5
E + S-; _s>
V =
ES - > E + P
kfl k*
(k,k3S - kflk4P)E0
k, S + k*P + kg + kg











E + 3 s ^ es + p,
k3
ES > E + pa
[esp]
ES + P,^=^ESP Kp =






k,(s + KpP,S ♦ kgs8) + kgP, + k^
k3 + kg S0
k, «» kg + KpSe
V = -
k, kaE0
k | kg + KpS o
Eo = total amount of enzyme
e = free enzyme
p = product
v = reaction velocity
K end V defined on page 93
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end will "be shown later to he present.
Product Inhibition
Various types of product inhibition have
'57
been listed by Schwimmer1 ; only two of these
lead to integrated rate eouations containing no
additional term (in general, additional terms
appear to result from postulating more than one
ensyme-substrate complex). One further
variety was suggested by Kistiakowsky3, but not
integrated. These schemes are shown in Table VII
together with the equations to which they lead.
It is felt that the recent recommendstions'
regarding rate constants are unsuitable where the
final script is typewritten and a sequential
numbering has been used.
.
The integrated enuations have been derived
by putting P = So - S. In the case of reaction
(3), P represents two products snd should
strictly appear in the rate eouation as Pat this
complicates the integration. Moreover the
logarithmic term is slightly different on
integrating the rate enuation as it stands:
[P.T.O.]
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- In [§- + (- 1)1[So + k,ka So A;J
The term kak^/kiks is the equilibrium constant
of the reaction, end since the reaction proceeds
effectively to completion, the value will "be
small, and can he neglected during the early part
of the reaction. It would seem likely that a
term of this kind might account for the
deviation recorded for lipase towards the end of
t
the react ion
All the relations for K and V in
Table VII are capable of producing a negative
value when the rate constant for one of the back
reactions is high enough. However, the value of
K and V has been shown to become more negative
as S0 increases (Table VI). Reactions (1) -
(3) all show this change with K but predict
that V remains constant when So changes.
Working back through the integration it
was found that in general, the introduction of
an So term into the V relation could only
occur when an additional Sa term was also
introduced into the eouation. One circumstance
was found where the Sa term could be cancelled
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out, and this is shown in reaction (4) of"
Table VII. In the particular case where
Kp = Ka the coefficient of 8a "becomes zero.
The full eouation is:
p ka + kaSo So kikjE©
1 " ~ k, - ka + KpSo ln T + k, - ka + KpSo
With this reaction "both K and V can
"become more negative as So increases. It is
still predicted (as with the other reactions)
that K/V is proportional to So. The results
obtained (Table VI) give a curved relation which
K
is suggestive of proportionality between ^ and
1
■» • such a relation appears impossible to
Oo
derive theoretically from reasonable postulates.
The implications of these findings for the
mechanism of reaction will be discussed later.
From a more practical point of view, the
initial velocity fell off so rapidly that it
was impossible to obtain more than a rough
estimate by the usual method of drawing a tangent.
It should be possible using K and V
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calculated as described earlier, to obtain the
initial velocity v0 from the eouation:
T. = K + So
obtained by differentiating the eouation
p ss vt - KQ. Unfortunately, as can be seen from
the results of the time-course measurements
(Table VI), the value of K is only slightly
larger than So and opposite in sign. The
lower part of the fraction is therefore a small
difference and not very accurate, and Vo is
correspondingly inaccurate. It was felt at
this stage that a more empirical approach would
show better the possibilities of the system as an
analytical method.
Short Incubation Experiments
The effect of varying the amount of enzyme
was examined. The reaction was stopped after
ten minutes by adding 1 ml. trichloracetic acid
and the tubes were then centrifuged:
[P.T.O.]
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Preparation 10/3B (butanol extract)
Method II, 0*1 M phosphate/acetate buffer
pH 5*5
Pinal enzyme
dilution 42x lOOx 167x 250x 500x
Time of
incubation min.
5 12 21 30 60
Activity 0*037 0*0295 0*024 0*017 0*014
The time of incubation was adjusted so that
if the activity was proportional to enzyme
concentration, the same amount of product would
be formed in each case# In fact, the activity
falls off as the enzyme is diluted. It is
probable that this effect is due to the dilution
of the organic solvents in the enzyme
preparation. It was noted in this experiment
that only the highest enzyme concentration showed
an appreciable precipitate after adding
trichloracetic acid, and this led to the
substitution of hydrochloric acid at this stage.
The effect of varying the substrate












Preparation 10/3B final dilution 62x
Method IT, 0*1 M phosphste/acetpte "buffer
pH 5*5 incubated 7*5 min.
Substrate














A Linev/epver-Burk*5*3' plot (Fig. 3) of these
results shows p marked curvature that is too
large to "be accounted lor by the correction to
initial velocity indicated by the time-course
curves.
A graph of this type has been observed for
crystalline pig liver esterase8, and attributed
to substrate activation. It may be observed
from Table VII that product inhibition is unable
to account for the curvature when the integrated
Michaelis eouation is obeyed. It is therefore
necessary to postulate in addition to product
inhibition, some other reaction such as substrate
activation in order to explain the results;
Kistiakowsky8, by a rather different approach
has come to a similar conclusion. There is a
suggestion of substrate inhibition at high
Tattle VIII over
TABLE VIII
Effect of pH on enzyme activity
Preparation 10/3B (butanol extract) final
dilution 67x
Method II, 0*1 M phosphate/acetate "buffer
incubated 10 min.
Activities in optical densities, corrected
for blank
Final substrate
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levels in Fig. 3, which is consistent with
reaction (4), hut further work is required before
any definite conclusions can be drawn.
Since the presence of two enzymes in a
preparation can lead to a graph of the shape
shown in Fig. 3, it seemed better to postpone
further analysis of this effect until such time
as highly purified preparations were available.
Variation of the pH showed a marked rise
in activity above pH 6 (Table VIII). In the
interpretation of these results, allowance must
be made for the greater reduction in rate in
those tubes in which a larger amount of
substrate has reacted. The general pattern is
similar to that of the original homogenate, but
there is a suggestion of a minor proportion of
an enzyme with an optimum pH 5.
The effect of pH on the inhibition by
fluoride was examined at the lowest substrate
concentration since it was anticipated that this
would show the highest inhibition:
[P.T.O.]
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Preparetion 10/3B (butanol extract) final
dilution 67 x
Method II, 0*1 M phosphate/acetate "buffer,
incubated 10 min.
Activities in optical densities corrected
for "blank
pH No fluoride 0*1 pg./ml# P inhibition %
3*5 0*008 0*009
4*5 0*023 0*014 39
5*5 0*018 0*008 55
6*5 0*036 0*013 64
7*5 0*070 0*049 30
The fluoride effect appears to have an
optimum around pH 6 - 6*5. The decrease in the
4-3"
alkaline range is a common effect with fluoride**,
"but the decrease on the acid side is rather
surprising# It seems probable that the enzyme
with optimum pH 5 is not inhibited by this level
of fluoride, but this point must await further
purification of the enzyme for elucidation# It
was decided to adopt pH 6*5 for further work, as
the best compromise between an effective
inhibition and a high activity, and it was
therefore unnecessary to include acetate in the
buffer. A further experiment showed that
decreasing the phosphate concentration in the
buffer did not affect the activity, so the same
level was continued in use#
An examination of the effect of varying the
Ta"ble IX over
TABLE IX
Effect of fluoride concentration at various
substrate concentrations
Preparation 10/3B (butanol extract) final
dilution 62x
Method II, 0*1 M phosphate buffer pH 6*5,
incubated 10 mixu




F A I A I A I
0 0*043 0*053 0*112
0 * 0067 0*037 14% 0*098 13%
0*01 0*0375 19% 0*040 25% 0*091 19%
0*02 0*025 42% 0*035 34% 0*086 23%
0*04 0*019 56% 0*029 45% 0*070 38%
0*05 0*024 55%
0*06 0*019 56% 0*023 57% 0*060 46%
0*07 0*021 60%
0*08 0*014 67% 0*022 59% 0*051 54%
0*10 0*012 72% 0*020 62% 0*047 58%
0*12 0*016 70%
0*15 0*010 77% 0*013 75% 0*037 67%
0*20 0*008 81% 0*034 70%
0*30 0*005 88% 0*026 77%
F « Final fluoride concentration (M.g*/ml«)
A = Activity
I = Inhibition (per cent)
[To face page 106
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fluoride concentration showed the general trend
to lower inhibition with higher substrate
concentration (Table IX)• The level for 50%
inhibition varies from 0*03 p.p.m. to 0*07 p.p.m.
The extinctions were too low for accurate
measurement, so a longer period of incubation was
tried (Table X).
Two experiments were carried out with an
interval of one week between them, the conditions
of the second experiment being indentical, within
the limits of the procedure, with those of the
first. Nevertheless it is immediately apparent
that the enzyme activity has almost doubled in
the interval and the level for 50?£ inhibition has
increased from 0*06 to 0*17 p.p.m. (approximately).
The former value is close to that given by the
earlier short period experiment (Table IX).
In analysing the results it is of interest to
compare the two experiments in Table X in order
to specify more closely the change which has
occurred, in addition to examining the effect of
fluoride.
Since the incubation extended over a period
of one hour, initial velocity measurements were
not available; moreover the integrated Michaelis
- 107 -
enupticn has already teen shown to fit the time
course of the reaction; it was therefore felt
that the "best fit should he obtained by using an
integrated form of the general inhibition
eeuation*®" (already discussed in connection with
product inhibition). Expressed in a suitable
form, the integrated eouation is;




a, K and V are constants
The constants in this enuation were evaluated


















It is interesting to note that the value of
Ta"ble X over
TABLE X
Kinetics of fluoride inhibition
Preparation 10/3B (butanol extract) final
dilution 62x
Method II, incubated 1 hr., 0*02% final
substrate concentration
Observed Calculated from regression equations
F P 1 ID 2 2D
Experiment 1
0 0*266 -0*0081 -0*0081 -0*0157 -0*0157
0*00667 0*209 0*0122 +0*0055 0*0063 -0*0003
0*01 0*204 0*0146 +0*0046 0*0088 -0*0012
0*02 0*181 0*0267 +0*0067 0*0223 +0*0023
0*04 0*165 0*0372 -0*0028 0*0338 -0*0062
0*06 0*129 0*0679 +0*0079 0*0702 +0*0102
0*08 0*115 0*0832 +0*0032 0 * 0906 +0*0106
0*10 0*111 0*0909 -0*0091 0*0973 -0*0027
0*15 0*083 -0*0264 0*1628 +0*0128
0*20 0*069 0*2377 +0*0377 0*2155 +0*0155
0*30 0*058 0*2803 -0*0197 0*2748 -0*0252
Standard deviation ±0*0168 ±0*0095
(n » 10) (n = 11)
Experiment 2
0 0*425 0 * 0033 +0*0033 0*0075 +0*0075
0*01 0*415 0*0068 -0*0032 0*0111 +0*0011
0*025 0*372 0*0235 -0*0015 0*0283 +0*0033
0*05 0*311 0*0491 -0*0009 0*0621 +0*0121
0*10 0*235 +0*0124 0*0807 -0*0193
0*15 0*227 0*1395 -0*0105 0*1374 -0*0126
0*20 0*185 0*1990 -0*0010 0*2006 +0*0006
0*30 0*141 0*3014 +0*0014 0*3074 +0*0074
Standard deviation ±0*0065 ±0*0100
(n = 7) (n = 8)
1 ~ Final fluoride concentration (fig./ml.)
P = Product formed (arbitary units)
1 = Values of F calculated from regression
using equation;
a = b In S/So + cP In S/So + df'P In S/So + F
(S = So - P; So = 0*6255 in -units of P)
ID = Difference between 1 and F
2 = Values of F calculated from regression
using equation;
F = m/P + k
2D = Difference between 2 and F
n = Effective number of observations
* = Equation becomes indeterminate at this
pointj deviation estimated from sum
of other deviations
[To face page 108
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Ki has changed very little "between the two
experiments, which gives one some confidence that
the value is correct. However, this is offset
by the fact that a is fractional, and has
changed by a considerably larger amount. A
fractional value of a normally indicates a mixed
competitive and non-competitive form of
inhibition, since a is related to the relative
affinity of substrate for the inhibited and
uninhibited forms of the enzyme. It thus
appears that either the Michaelis constant of the
enzyme has changed or the eouation is not
applicable. Furthermore, although the value of
K is negative as found previously, the value of
V is positive, and none of the reaction schemes
discussed earlier is capable of explaining such
values without postulating a third term in the
eouation.
The fit of the regression line is shown in
Table X, column ID; the deviations are relatively
small except in one region close to where the
eauation becomes indeterminate. This effect
occurs in both experiments, and. suggests that the
eruation is not suitable for describing the
results.
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Many types of inhibition give a straight
line with a simple reciprocal plot of the
reaction velocity. Therefore a simple linear




giving the following values with standard errors;
Experiment
1 2
m 0*0216 ±0*00096 0*0633 ±0*0026
k —0 * 097 ±0*0091 -0*141 ±0*0186
and the expected fluoride concentrations are
listed in Table X (col. 2). Expressions for m
and k contain at least three constants, which
cannot therefore "be evaluated quantitatively.
The fit of this enuation to the data is shown in
olumn 2D of Table X. The standard deviations
are rather high, but the scatter does not show
isny consistent pattern.
A comparison of the fit of the two eouations
hows little to choose between them. The
Variance ratio of the two experiments using the
four-parameter eouation is 6*6 which is
significant at the 1% level. The variance ratio
c
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for the two eouations in Experiment 1 is 3*15
which is just significant at the 5% level.
None of the other ratios is significant. It
appears justifiable to conclude that the four-
parameter eouetion does not give a better fit
than the two-parameter eouation, and that the fit
of the former is unreliable. A priori, one
would expect a four-parameter eouation to give a
better fit than a two-parameter eouation, if
there is any difference between themj when there
is no difference in fit, the variance must arise
primarily from the data. Therefore, if the
variance were to be reduced, a significant
difference might appear although this would not
necessarily be of importance as regards the
mechanism of inhibition. The two-parameter
eouation is far simpler to use, and further
work has made use of it alone.
Unfortunately the simpler eouation yields no
information about the type of inhibition unless
the substrate concentration is also varied and
the Michaelis constant is known, except for one
fact. The linearity between fluoride
concentration and reciprocal of reaction
velocity indicates that only one fluoride ion
- Ill
interacts with each active centre. When more
than one ion interacts with the active centre a
linear relation is obtained with the appropriate
power of the fluoride concentration. This
occurs with acid phosphatase, in which case a
linear relation with the square of the fluoride
concentration was obtained**2*»
Analytical possibilities
A check on the reproducibility of Method II
gave a coefficient of variation of the extinction
of 2*5% without fluoride and 4*1% with 0*1 p.p.m.
fluoride using five tubes for each measurement in
a single experiment. The standard deviations
were similar, so that the variation was to a
considerable extent independent of the amount of
product formed. This result was considered
rather disappointing and an effort was made to
obtain some improvement.
The polythene tubes which had previously
been cleaned in concentrated alkali were cleaned
in chromic acid, and the measurement repeated.
The coefficient of variation without fluoride
- 112 -
was 1*45% and with 0*1 p. p.m. fluoride 2*4%
However, this was not maintained and further
possible sources of variation were examined.
It was shown that the pipetting error was much
smaller than this effect, and that stoppering the
tubes, or more efficient mixing had no effect.
It was noticed in one experiment that the
activity in some new polythene tubes was
considerably higher; presumably because the
polythene had been attacked by chromic acid and
was then able to inactivate the enzyme partly.
Unfortunately this higher activity showed less
inhibition by fluoride. Evidence has already
been presented of the variation of the enzyme
activity and concomitantly of the level of
inhibition (Table X) which is good evidence for
the presence of two enzymes in the preparation.
It appears that the more labile enzyme is less
affected by fluoride. It was clear that at
least part of the variation could be explained
by this effect, and the opportunity was taken to
change over to polypropylene tubes, which are
more resistant than polythene, and can be dried
very much more quickly. These were cleaned with
Lissapol N and gave more satisfactory results.
- 113 -
Nevertheless the uninhibited activity of the
enzyme preparation continued to vary from dry to
day, end it was felt that this effect might
influence the variation hetv/een tubes. It
also made the selection of the optimum conditions
for accuracy rather difficult. The further
purification of the enzyme therefore appears to
be essential to improvement.
The system was used at this stage for
fluoride analysis by adjusting the volumes to
simplify making up the solutions;
Method III: The sample containing fluoride
was placed in a polypropylene tube, weighed,
and made up to 1 ml. with water. 1 ml.
solution containing enzyme preparation diluted
27x with 0*15 M phosphate buffer pH 6*5 and
3 mM EDTA wras added. The incubation was
started with 1 ml. 0*05% substrate in the same
solution as the enzyme. The solution was mixed
nuickly and incubated, at 25°C for 1 hour.
The reaction was stopped with 1 ml. 0*34 N
hydrochloric acid and the extinction was
measured at 331 mp. Six standards were
normally run with each series of samples.
With this method it was not possible to
Table XI over
TABLE XI
Reproducibility of enzyraic determinetion
Method III




















P F expected difference
0-431 2-320 -0*0085 -0*0085
0-425 2*353 -0-0041 -0-0041
0*420 2-381 -0*0003 -0*0003
0-406 2-463 0-0106 -0*0097
0*401 2*4-94 0*0148 -0*0052
0*365 2-74-0 0*0476 -0*0025
0*357 2*801 0*0557 +0*0053
0-335 2-985 0-0803 +0*0106
0-336 2-976 0-0791 +0*0093
0-312 3*115 0*0977 -0*0025
0*316 3*165 0-1043 +0*0039
0*253 3-953 0*2095 +0*0101
0*256 3*906 0-2032 +0*0022
0-163 6-135 0*5008 -0*0054




Mean expected P for no




variation of mean F
Coefficient of
variation of mean P
0-133
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obtain replicates, since glass pipettes were not
used in order to avoid the possible adsorption of
fluoride "by the glass. The results of one
calibration run are shown in Table XI. The
values of P are recorded from the extinction of
the final solution. The amount of fluoride
required to decrease the extinction by 0*1 is
0*092 ug., which is a useful comparative measure
of the sensitivity of the method. The
corresponding values from Table X are in the
region of 0*05 jig. for both experiments, so the
enzyme appears to have deteriorated in the
interval. On the other hand the standard
deviation in Table XI shows a distinct
improvement on the values in Table X. The
accuracy of estimation of fluoride falls off on
either side of the 50% inhibition level, on the
lover side because of small differences, and on
the higher side because of the properties of the
reciprocal function, this is in addition to any
change resulting from the regression function.
It is therefore important to be able to adjust
the conditions to bring the measurement within
a fairly narrow range.
One further point must be considered in
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Table XI. There Is a suggestion of curvature
in the last column of differences "between
observed and expected values. The difference
when no fluoride is added is not quite
significant at the 5% level. It is not
therefore proved that a curvature is present,
"but it is ouite possible that it exists. An
attempt to allow for the curvature would hardly
"be .justified unless it was clearly demonstrable.
The effect of toluene in the sample was
investigated using this method;
Method III
Activities in optical densities corrected
for blank
0*167
No P p.p.m. P Inhibition











Toluene produces a distinct activation,
although the effect is not particularly large.
There is also a decrease in the effect of
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fluoride when toluene is present, suggesting that
toluene hps ectivnted primarily the less fluoride'
sensitive enzyme. The amount of toluene carried
into the tube from the enzyme stock is difficult
to assess since a few droplets were always
present, but these dissolved during dilution of
the enzyme and it seems unlikely that the
variation in toluene concentration could affect
the enzyme activity. In several experiments
however, it was necessary to measure the
fluoride in toluene-saturated samples, and the
standards had to be made up in the same solution
as the samples, and equilibrated with toluene
before the measurements.
Discussion
The question arises es to whether the
enzyme crystallised by Kistiakowsky* is
identical with the enzyme described here. No
specific statement can be made since the mode of
preparation, substrates, inhibitors and
activators investigated are all difierent. It
has already been pointed out that there are a
- 117 -
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number of esterases present in liver*** so that
the probability of obtaining the same enzyme by
different isolation procedures and different
estimations is small. The only specific
property which may have a bearing on the cuestion
is that the enzyme isolated by Klstiakowsky, using
ethyl butyrate as substrate was inhibited by
added butyrate, whereas the enzyme examined here
was not inhibited by acetate.
The observation of marked fluoride
in
•y-gr-f
inhibition in pig liver 'lipase' , made over
fifty years ago has been amply confirmed, and in
f^ct evidence has been presented which indicates
that inhibition occurs at levels even lower than
the 0*1 p.p.m. originally claimed, although this
is probably due to the use of lower substrate
107
concentrations. An independent confirmationt=t*
has indicated that 0*05 p.p.m. fluoride gave 50%
inhibition, but no investigation of the enzyme
preparation was recorded.
The enzyme has been shown to be present in
an insoluble form in cell homogenstes, and a
method of carrying out the initial purification
and solubilisation has been described. No
method of drying the enzyme for preservation has
- 118 -
"been found so far, but toluene has been used to
preserve the aoueous solutions. This results in
some activation of the enzyme.
A new substrate has been prepared for
measuring the activity which is water-soluble, in
order to avoid the effects of varying
concentrntiors of organic solvents introduced at
different substrate concentrations by difficulty
soluble substrates. The new substrate has been
found to have little absorption of light in the
region of one of the peaks of its hydrolysis
product, providing a convenient spectrophotometric
system for estimation of the enzyme activity.
77
Most workers have used nitrophenyl acetate** for
a similar purpose, but phenyl acetate*4 and
«5
aspirin*®" have also been used. The first two
are poorly soluble in water, and the last is less
soluble in the acid form. Naphthyl esters have
also been used, but usually in conjunction with
diazotisation and extraction into an organic
136
solvent*333'.
The kinetics of the enzyme activity in the
preparation have been examined in some detail, and
found to be rather unusual in that the parameters
of the eauation used turned out to be negative.
- 119 -
This has "been shown to he due either to substrate
activation or production inhibition. The
distinction between these two is not easy when
the mechanism is not specified, but in general
it appears that the substitution P = So - S in
deriving equations for product inhibition leads
to a dependence of K on So, but no such
substitution is made with substrate activation;
however, more complex mechanisms can also lead
to K being a function of So, for example when
one of the products is not formed irreversibly.
If K is found to be a function of So, one can
conclude therefore that substrate activation is
not an a&eouate explanation, but it is not
thereby excluded. Product inhibition on the
other hand explains the dependence of K on So,
but not the dependence of V on So and another
mechanism must be postulated to explain this.
The experimental data were fitted best by
reaction 4 (Table VII). It is not suggested
that this represents the actual mechanism of the
enzyme reaction, but only that it incorporates
in a simplified form the main features of the
mechanism* (1) the sequential formation of the
products is suggested by the isolation of
120 -
acylchymotrypsin and demonstration that it is an
13
intermediate in the hydrolytie reaction**. This
sequential reaction results in one form of
product inhibition (reaction 2) and is reauired
to account for the negative values of K and V;
(2) a second form of product inhibition is
reauired to account for the dependence of K and
V on S0j (3) cancellation of the effects of
substrate and product, reducing the negative
first order (3a) term to a negligible value. In
view of the similarity in structure of substrate
and product, it is not unlikely that they should
show similar binding to a second site# It is
more surprising that two kinds of product
inhibition should be required to explain the
results; nevertheless the picture of the active
site which these reactions suggest is two
substrate-binding sites with an acetyl-binding
site between, this is what one would expect to
be the organisation of an acetyltransferase.
The enzyme activity was later found to vary
from one dry to another. This suggests some
form of inhomogeneity in the preparation, in
spite of centrifuging at high speed, and may be
related to the presence of toluene causing a
- 1S1 -
slow precipitation. Further purification is
highly desirable and until this has "been done,
the conclusions above must be regarded as
provisional. It appears probable that two
enzymes are present, of similar kinetic
properties, but differing in their inhibition
by fluoride.
The effect of fluoride was found to be
described adeouately by a simple inverse relation
between reaction velocity and fluoride
concentration, even after a long reaction time.
This was taken as evidence that only one
fluoride ion interacted with each active site,
but the variation of the apparent Michaelis
constant with substrate concentration has
prevented any further analysis of the inhibition.
Progress in this direction depends on finding a
more accurate method for measuring the initial
velocity of the reaction.
Since a linear relation was available,
lack of knowledge of the mechanism of the
inhibition has not hindered the development of
an analytical method for fluoride. The greatest
difficulty encountered was the variable degree of
inhibition of the enzyme, which was apparently
- 122 -
related to the variable activity. This caused
difficulty in adjusting the conditions to give
the optimum accuracy for the amount of fluoride
expected, "because the accuracy of measurement,
with the reciprocal relation used, falls off on
either side of 50% inhibition.
Almost all methods of fluoride estimation,
being based on a decrement effect, show a
considerably lower coefficient of variation for
the actual measurements made compared with that
for the amount of fluoride and the methods
examined here are no exception: Table X shows
that the accuracy is decreased by a factor of
3*44 in converting the readings to amounts of
fluoride. Nevertheless, the accuracy attained is
not as high as one would expect for an enzyme
activity measurement. Some improvement was
obtained by standardising the experimental
procedure more effectively, but the variation of
activity remained rather high. This could not
have been due to variations in the amount of
fluoride added since this was weighed to 0*5%
with the smallest amount. The most likely
explanation is that the causes of the variation
in enzyme activity found to occur from day to day
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also operate to a small extent in a single
experiment. It has in fact "been shown that
part of the enzyme activity is particularly
sensitive to inactivation; this labile activity
does not seem to he fluoride-sensitive, so that
elimination should he possible by further
purification, and one would expect this to lead
to a decrease in the variability of fluoride
measurements.
The primary reason for investigating liver
esterase was the prospect of a highly sensitive
method of fluoride determination. The most
sensitive chemical method available is that of
"£2,Hall*" which has a low blank and a colour
development directly proportional to the amount
of fluoride. With this method en optical
density increase of 0*105 was obtained with
0*4 ug. fluoride; from the figures given the
standard deviation of replicates of 0*2 ug.
fluoride can be calculated to be ±0*0045
(coefficient of variation 2*5%) and for 0*1 ug.,
±0*0083 (coefficient of variation 8*6%). The
esterase method was shown to be at least four
times, and probably eight times mere sensitive.
The standard deviations of the two methods are of
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the seme order, Although derived from different
types of sample. The esterase method is,
however, considerably simpler and quicker, and
for this reason, as well as its greater





There are two main ways of studying the
properties of enamel: in the intact tooth, or as
a powder. The former has the advantage of "being
closer to the state in vivo, but reouires
sensitive methods since the surface area
available is small. (It has been estimated that
about 0*05 ug./srucm. fluoride is taken up by an
zs
intact tooth surface**)• The surface area is
increased by pulverising, but problems then
srisein separating the enamel from other hard
tissues.
Intact enamel
Most of the work on intact enamel has been
concerned with solubility*"", but isotopes have
i
also been used**^ • Attempts to use these methods
in the mouth have been very limited. The first
attempt was made by confining the liquid round
an individual tooth with rubber darri*", and this
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method was used to measure fluoride uptake from
solutions containing 10 p.p.m. fluoride6.
Limitation of access by adjacent teeth and the
unknown effect of occlusal fissures ere
disadvantages of the method. A refinement of
this technique has "been suggested more recently*^,
"but without overcaning the disadvantages.
It is clearly desirable to confine the
applied liquid to a defined part of the tooth
surface. For work in vitro this is readily done
3i
with wax*^; in the mouth a short cylinder of
silicone rubber tubing has been used** for
following pH changes. This technique has much
to commend it where measurements can be completed
in the mouth, although it would appear to be
difficult to control the amount of stirring,
which will have a marked effect on the rate of
reaction with the enamel surface. In all these
experiments the ratio of volume to exposed
surface area is large, resulting in a high
dilution of the products of the reaction. For
many purposes this dilution is necessary in any
case, since a certain minimum volume is required
by the measuring instrument. On the other hand,
it is also useful to be able to carry out a
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reaction on the tooth surface, and it is then
important to maintain the concentration of the
substance measured as high as possible, by the
use of the minimum volume possible# This was
i 8T3
first achieved by Walter***, who suggested the use
of © tissue paper disci the disc was impregnated
with Methyl Violet and hydrochloric acid, and
the time for a standard colour change as the
enamel dissolved was recorded. In a study of
the reliability of the method**** using analysis of
variance, and with filter paper replacing tissue
paper, the standard deviation of the error of the
technioue was ±16 seconds (coefficient of
variation 10*6%) compared with the population
standard deviation of ±11 seconds. It is clear
that no information can be obtained concerning
individual teeth. (The enamel surface hes a
lower solubility than the interio , so that
successive measurements on the same tooth, in
addition to removing excessive amounts of enamel,
could not be expected to improve the method very
much)•
The lack of reproducibility of this method
appears to be due to the use of a visual
assessment of colour. No commercial instruments
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have "been found capable of measuring this colour
change, so that it is necessary to remove the
disc and elute the products of the reaction*
This procedure has the advantage of diluting the
reagents, decreasing interference from them, "but
the product to "be measured is also diluted. In
addition to this a certain amount of liauld
always remains on the tooth, and some means of
measuring this loss must he available.
Since one of the most sensitive and accurate
estimations is the molybdate method for
phosphorus, a preliminary experiment was carried
out to assess the practicability of this type of
measurement (see Appendix G). Certain
precautions are necessary, such as adeouate
cleaning of the tooth surface, and covering the
filter paper with polythene, and the procedure
occupies a good deal of time, but it appears to
be practicable; no estimate of the contribution
of technlaue to the standard deviation has so
far been possible.
A disadvantage of these techniques is that
they are difficult to adapt to curved surfaces.
The surface tension of the solution is
insufficient to overcome the stiffness of filter
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paper and softer materials are not suitable for
analytical procedures. Measurements are
therefore limited at present to the labial
surface of upper incisors.
It is of interest to consider whether the
stage has been reached at which the fluoride
content (or rather, the fluoride/phosphorus
ratio) of surface enamel in the mouth can be
measured. The enzymic method for fluoride
recuires about 0*05 fig. as a minimum? the enamel
surface contains 0*1% fluoride approximately"^3;
the density of enamel is 2*9 (discussed later);
and the maximum practical diameter of the discs is
5 mm. These figures lead to an enamel thickness
of just under 1 |i which must be dissolved. Since
the total thickness of enamel averages 1 mm., this
amount is close to the maximum which could
justifiably be removed as a regular procedure.
The measurement is therefore possible in theory,
but it is still necessary to measure the phosphate
present for comparison, and to ensure that no
other components of enamel affect the enzyme and
that none of the fluoride is reincorporated in the
enamel. The latter could probably be achieved by
dissolving the enamel with a strongly alkaline
130 -
solution of a chelating agent.
Powdered enamel
The classical method of obtaining enamel is
to grind it off with a stone or "bur. This has
been useful where layers of enamel are required
m
for comparison**, but it is necessary to stop
before all the enamel has been removed to ensure
that no dentine is included. The sample is then
indubitably pure enamel, but not representative
of whole enamel since the organic content of
> 5*4-
enamel rises towards the interior1-0"1.
Other methods of obtaining samples of
enamel recmire some means for separating the
enamel from other hard tissues. Heating to
tsg
150°C has been suggested*5*^, causing the dentine
to dry out and shrink away from the enamel, but
the enamel is probably altered by this treatment.
In 1935 Armstrong*"* suggested using the procedure
for mineral separation by immersion in a heavy
linuid and later the use of a centrifuge was
iz-z
suggested by Manly and Hodge4"**", after whom the
method is now known.
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One or more teeth ere dried, pulverised
and pieced in a mixture of bromoform and
acetone of density 2*5 gm./ml.J enamel sinks to
the "bottom and. dentine, cementum and pulp
fragments float. The letter can "be separated
with a mixture of lower density if required. It
"becomes apparent, however, when this method is
used in practice that not all the sample is
sedimented in the "bench centrifuges commonly
recommended, and this is particularly noticeable
when finely powdered material is used. Some
investigators have avoided this issue by using
a 60 or 100-mesh sieve fraction, which gives
satisfactory results but provides a selected
sample of enamel.
Another, more theoretical criticism is that
the necessary drying may damage the organic
material in the enamel and alter the
characteristics of the pores. It is certainly
desirable to compare dried with undried enamel
powder. Methods for preparing undried enamel
powder have been worked out, but it has been
found to be a difficult material to use; there
are difficulties in taking an adequately mixed
sample from the stock, owing to differential
- 132
sedimentation of the particles, and difficulties
in assessing how much enamel has "been taken*
Examination of the properties of enamel has so
far only "been carried out on enamel dried after
separation*
Preparation of powder
Freshly extracted teeth of local origin
were collected in tap water; on the same day,
all the adherent soft tissue and any carious or
discoloured tissue was removed under running
water with "burs* The surface of the enamel
was also roughened slightly with a "bur to
remove any adherent organic film* The entire
root was cut off, and the coronal pulp end about
half the coronal dentine was removed, keeping the
teeth wet all the time* The crowns of the teeth
were then ground in an electric mortar at 4°G.
The grinding was at first carried out under
water, with the aim of reducing local rise in
temperature during crack formation (see
Appendix B). It was found more convenient
later to carry out the grinding under liquid
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paraffin, and a slightly larger particle size
appeared to result from this, although the
grinding took longer. Light liquid paraffin
B.P. was found most suitable. The powder ground
under liquid paraffin was more easily dispersed
in organic solvents than powder ground under
water and this was important for adequate
separation.
Separation of enamel powder
The density distribution of the powdered
teeth was examined by successive centrifugations.
£ ml. of an aqueous suspension of powder
was placed in a centrifuge tube, washed twice
with acetone, and 6 ml. quantities of bromoform
mixtures of increasing density were added.
The suspension was shaken, centrifuged, and the
supernatant was poured off, dried at 60°C. and
weighed. The remaining sediment was shaken up
with the next bromoform mixture and the
procedure repeated.
The results are shown in Table XII. Two
weaknesses in this procedure are apparent; each
Table XII over
TABLE XII
Density distribution of powdered teeth
cumulative
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liquid will "be diluted slightly "by the residue
of the preceding liouid, so that the densities
may "be high "by a few percent; and it is not
possible to say whether the material floating
was actually lighter than the liouid, or was so
fine that it sedimented too slowly. No
centrifuge was available to test this last point
by using a higher speed; however the results
indicate the separation which could be attained
with the available eouipment.
The enamel sediments to a large extent above
2*9 gm./ml. The dentine shows a wider spread
with a peak at 2*2 - 2*31 gm./ml.; the increments
of density differ in size, but this does not
affect the Qualitative conclusion. The most
effective density for preparing enamel powder was
selected as 2*85 gm./ml.
The density of dentine found here is higher
I 23
than the value found by Manly and Hodge,s3=*, who
obtained a peak density of 2*13 - 2*16 gm./ml.
This could well be due to the presence of water
in the dentinal tubules rather than air which
remains in the tubules when dried dentine is
immersed in a liquid. This was checked by
determining the density of pieces of dentine.
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Intact pieces of root dentine (with
cementum ground off) which had "been stored in
distilled water after cleaning, were weighed
after "blotting on filter paper and then attached
to a thin piece of wire and weighed submerged in
water# The wire was then weighed alone, with
the end still in the water# The pieces of
dentine were then dried to constant weight,
first at room temperature and then at 105°C#
It is desired to calculate from these
results the density of dentine with air filling
the tubules and the density when water fills the
tubules. Clearly the volume is the same in each
case, "but the weights differ "by the amount of
water lost# Since there is a considerable
amount of water bound to the solid of dentine,
it is assumed that low temperature drying removes
only water in the tubules by evaporation, and
that the density of the solid matter can be
derived from the oven-dried weight and the volume
after drying at room temperature. These
assumptions are somewhat speculative but serve
for the purpose of comparison#
The results are shown in Table XIII. There
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specimens which could "be due to differences in
the degree of calcification, or possibly to a
change in the surface tension on the wire between
weighings* Nevertheless, it is clear that an
appreciable change in the density of dentine
occurs when the water in the tubules is replaced
by air.
A difficulty occurred when the bromoform
used in the separation procedure was recovered by
redistilling; this appeared to remove some
stabilising agent end an acid reaction developed.
This was readily shown by shaking the bromoform
with boiled water and adding Methyl Red.
Purified bromoform was therefore stored with
solid potassium bicarbonate and extracted with
bicarbonate solution, followed by water,
immediately before use. Under these conditions,
no acid was detectable for about half an hour,
which sufficed for a single operation.
Enamel powder ground and stored under
liquid paraffin was placed in 30 ml. tubes and
centrifuged down. 24 ml. of a mixture of
bromoform and liouid paraffin of specific
gravity 2*85 was added, shaken thoroughly and
centrifuged at 3,500 g for 10 min. The
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supernatant was poured off and the sediment
was centrifuged again in a fresh hromoform
mixture. The final sediment was washed
3 times in acetone and dried at 37°C«
Examination of enamel powder
The standard method for estimating the
purity of enamel powder is to examine the
particles under the microscope while immersed in
a mixture of liouids having a refractive index
intermediate "between those of enamel and
i 2.3
dentine. A diffraction effect, the Becke line^
can "be seen to move in opposite directions for the
two types of particle when the focus is altered.
This works well with large particles, "but with
particles of a few microns diameter the efxect is
difficult to detect. Furthermore, v/ith
particles of this size one "begins to get
fractionation of the tissues themselves.
Dentine contains a proportion of a component of
ZP
high density*5*, and enamel contains areas of low
density**. However, dentine contains roughly
thirty times as much organic matter as enamel
— 138 —
which suggests that a method "based on estimation
of an organic component might provide a
satisfactory method for measuring contamination
of enamel vrn'th dentine.
A method of this kind is described in
Annendix C, in which a modification of the
periodic-Schiff reaction is used to stain the
organic component and the particles are
examined microscopically. The colour of the
smaller particles was, however, difiicult to
observe and there were always a number of
particles with a pale stain. It seemed that
a more reliable, and also a quantitative method
might be obtained by dissolving the enamel and
measuring the dye colorimetrieally.
1 ml.2 N hydrochloric acid was added to the
stained pov/der, and immediately it had been
completely dissolved (about 30 sec.) 4 ml. 2 N
sodium hydroxide containing 0*1 M E1)TA was
added and the solution was incubated at 60°C.
to digest the protein. 4 ml. M citric acid
was then added to buffer the solution and the
optical density was measured at 548 mp*
A sample of powdered teeth was separated by
a single centrifuging in a mixture of specific
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gravity 2*7 into dentine and enamel, and the
ratio of the amounts of stain in these was used
as an index of the differentiation achieved#
The method of staining described in Appendix C
gave a ratio of 4; by increasing the concentration
of basic fuchsin to 0*5/? and washing the stained
particles in alcohol, the ratio was increased to
11*8. The amount of stain per mg. of powder
decrepsed when the weight of powder was increased,
and the ratio also decreased#
This investigation hps not been taken any
further so far, partly because the opportunity to
compare different samples of enamel has not
presented itself, and partly because the
improvement obtained did not appear sufficiently
promising to warrant further investigation. It
is felt that a more specific measurement of a
component present in large excess in dentine
would provide a better estimate of contamination,
such as, for example, hydroxyproline (ratio
14-
approximately 701*, although the amount in




Effect of centrifuginp: on enamel suspension
100 mg. dried enamel powder wps incubated at
40°C in 100 ml. 0*1 N tris buffer pH 7*5
for 4 days with continuous stirring. A
crystal of thymol was added to prevent
growth of micro-organisms#
10 min. after stopping the stirrer, portions
of the liquid were poured off and
centrifuged for 10 min., as indicated*
1 ml. supernatant, 1 ml. molybdate reagent
(see Appendix G for composition) and 8 ml.
water were mixed and placed in a "boiling
water hath for 15 min.
The extinction was measured at 830 mg.











A: Not centrifuged; supernatant poured off
B; Centrifuged in conical base tubes;
supernatant poured off
C; Centrifuged in round bottom tubes;
supernatant pipetted off
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Removal of enamel powder from suspensions
I OS
It was pointed out by Neurnan4"4"3 (and
ij-y
confirmed later using glycerol-ashed bone*** )
that suspensions of hydroxyapatite contained a
fraction which was difficult to separate from
water by ordinary filtration or centrifugatlon;
centrifugetion at 80,000 g gave an effective
aeprrntiori. mHpo. and
H7
dialysis'*2' have been also used, Some workers
U
have been unable to detect this fraction ♦
Since enamel is composed to a large extent of
hydroxyspatite it was necessary to check whether
these precautions were required in dealing with
enamel powder. It is clear that enamel powder
prepared by sedimenting from bromoform could
hardly contain such fine material at the start;
but it was possible that it might be formed as a
result of equilibration with v/ater.
In order to test this, a suspension of
enamel powder was eouilibrated for four days,
pnd then centrifuged at various speeds and the
phosphorus content of the supernatant was
measured. The results are shown in Table XIV.
It was concluded that 2,000 g sedimented all the
141 -
enamel, and that it was essential to remove the
supernatant with a pipette to avoid disturbing
the sediment.
Uptake of fluoride
The uptake of fluoride "by calcium phosphate
was initially treated as a process of adsorption,
and the results obtained over a concentration
range of 1 p.p.m. to 1% fluoride with a 30 minute
contact were fitted to a Freundlich adsorption
I <si
isotherm'®*. The exponent for enamel was
distinctly lower than for the other forms of
calcium phosphate. It appears auite reasonable
to consider the initial uptake as an adsorption,
t|g
but since the investigation of Neuman*** the
process has usually been considered in terms of
ion exchange. This does not lead to any simple
relation for the kinetics of the process and in
the only attempt m8de so far, Knappwost^* has
fitted a diffusion equation to the uptake by
hydroxyapatite crystals.
Several of the important variables in the
reaction were investigated in 1939 by Smith and
142 ••
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Pavey***". Using only steamed 'bone, they were
primarily interested in the technical aspects,
and did not attempt any theoretical
interpretation apart from suggesting that over
the range 0*4 - 8 p.p.m. final fluoride
concentration, the uptake after several days was
|more characteristic of solid solution formation
than adsorption. They were unable to detect any
effect of temperature on fluoride uptake over the
range 7 - 70°C. The uptake was decreased
progressively above pH 7, although not completely
abolished at pH 10, the highest pH tested. They
showed also that 0*2 N sodium hydroxide was
capable of increasing considerably the amount of
additional fluoride which could be taken up by
bone previously treated with fluoride,
indicating at least partial reversal of the
reaction. The fluoride uptake -was found to be
decreased when the particle size of the bone
powder was greater. Knappr/ost^^ has suggested
an exponential relation between uptake and
surface area, without presenting his results,
however.
The small effect of temperature on uptake
II 3
has been confirmed1"^ with several different
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varieties of hydroxyspetite and is good evidence
that the process is primarily physical; chemical
processes generally have a large temperature
coefficient. The effect of pH has "been shown to
be linearly related to the logarithm of the
fluoride uptake over a limited range of pH and
>38
bicarbonate shows a similar relation*3*®.
Similar data for enamel are rather less
extensive. No investigation of the effect of
temperature has "been found, hut the uptake was
shown to increase as the surface area of the
> 1-4-
enamel powder was increased*^. The uptake
decreased as the pH was increased from 4*5 to
S3
8*5®^ and N potassium hydroxide was able to
remove fluoride from enamel powder at about the
M£
same rate as the fluoride had been taken up*®3".
Although the time course of the uptake of
fluoride by enamel powder has been illustrated by
several workers no figures accurate enough for
kinetic analysis are available; the best are
those of Muhler***, which can be improved by
l
replotting the graph on a transformed scale, but
are too erratic for any firm conclusions to be
drawn.
Measurements of the effect of varying the
144
fluoride concentration have "been made repeatedly#
103
In one of the more recent studiest=*^ 9 the
conclusion was that 1 the findings are in keeping
with the view that fluoride is removed from
solutions "by adsorption or "by exchange with
hydroxyl ions of the crystal lattice to form
{fluorapatite'. This is still a fair summary of
the present position, the only later
3±
contribution^^ "being a suggestion that the
decrease in the calcium and phosphorus
concentrations which occurs during fluoride
uptake implies that fluorapatite is precipitated
and that this is the main cause of the decrease
in fluoride concentration# The same phenomenon
had been used earlier as a measure of the
variation in solubility of mixed
hydroxy-fluorapatites *** •
It is apparent that although the qualitative
aspects of fluoride uptake have been clarified,
little systematic quantitative information is
available. It was felt that the initial step in
this study must be to acquire more information
concerning the time-course of the reaction after
Vhich the effect of external variables could be
examined with more confidence#
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Time-course of fluoride uptake
Considerable importance was attached to
the necessity for eouilibrating the enamel powder
with the solution before adding the fluoride; in
all the previous studies mentioned (with a single
vr
exception*"** ) this point has been disregarded,
complicating the interpretation by superimposing
a hydration reaction and surface dissolution*
It is difficult to eliminate the dissolution
entirely (since the fluoride solution cannot be
eouilibrsted) but it can be reduced considerably*
The first experiment was carried out by
sequential sampling of a suspension;
. f
Fresh enamel powder, prepared without drying,
was added to 100 ml. 0*01 M phosphate buffer
pH 7 in a polythene bottle and incubated at
25°C with magnetic stirring* After 20 hours
5 ml* NaF solution containing 60 ,ug*/ml. F was
added, and samples were removed at intervals
through a Pt filter stick and polythene tubing
into a diffusion bottle, which was weighed#
After diffusion the fluoride content was
measured polerographicelly. At the end of the











The results ere shown in Fig* 4 (the
theoretical treatment is developed later in the
,
Chapter). The graph indicates the general course
of the reaction; it should be noted that the
accuracy of the last two points may have "been
affected "by the necessity to delay the analysis
for a period. Unfortunately, when this
experiment was repeated on a more extensive
scale, the sintered disc of the platinum filter
stick was found to have completely disintegrated,
presumably abraded by the enamel powder. In
both experiments there was also a large amount of
polythene powder present at the end, which was
felt to be undesirable.
It was clear that the speed of stirring
would have to be reduced considerably and the
only convenient way of carrying this out was to
rotate the whole container at an angle, removing
the cap and inserting the sampling device for
each sample.
When it is undesirable to remove any enamel
powder from the container, the liruid can be
Sampled in two ways: by inserting a suitable
filter connected to fine bore tubing, or by
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centrifuging the container, sampling with e
pipette and shahing up the powder again. The
first method presents a number of technical
difficulties, such as the removal of powder from
the filter and the production of a suitable
holder for the filter; these do not appear to be
insuperable, but solving them might involve a
lengthy investigation. Thus although the filter
sampling method has the advantage of greater
accuracy, it was decided to use smaller
containers, which could be centrifuged and
Jreeuired less enamel, at least for the initial
investigations.
Several experiments were carried out by this
[procedure, using the polarographic method for
fluoride determination, but the results were
too erratic to be useful, except as regards one
point* after incubation for 2-3 days the
fluoride in solution appeared to increase in some
bases and it was found that the addition of a
crystal of thymol prevented this increase, which
was therefore assumed to be due to growth of
micro-organisms.
The investigation was therefore postponed
until the esterase method could be tested on the
Table XV over
TABLE XV
Effect of various substances on esterase activity
Method III
Added solutions adjusted to pH 6*5
Activities in arbitrary units corrected for







Imidazole 0*02 M 0*3521(2) 0*4031[2]) +14*5











0*2361tfi) - 6*5) -12*5
Citrate ( 0*00667 H 0*3431[2) 0*351!;i;1 + 2*3( 0*02 M 0 * 343(\2) 0*331! 1 I - 3*5
Calcium 0*005 8 0* 342( 4) 0*321!;i;I - 6*1
P-T buffer diluted 6x 0*308(4) 0*311( 2 1 + 1*0
Formalin * 0*1% 0*4151[2) 0*611! 2 1 +47*2
Thymol * 33% saturated 0*415!:2) 0'158!:2 1 -62*0
+ = Activity with substance added
- = Activity without substance added
Amprop. = 2-amlno-2-methylpropanol
Composition of P-T buffer:
0*02 M Piperazine
0*02 M Tris
0*002 M Potassium dihydrogen phosphate
0*24 R Hydrochloric acid
Adjusted to pH 6*5 with potassium hydroxide
All measurements in P-T buffer as above,
except for 0*05 R perchloric acid in place
of hydrochloric acid
[to face page 148
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system. When the esterase method had "been
developed, the effect on the enzyme of various
possible components of the system was tested
(see Table XV). A number of possible buffers
were tested; imidazole clearly increased the
activity, and has in fact been shown to catalyse
ester hydrolysis itself**; bicarbonate was
inhibitory, but could probably be used at lower
concentrations; aminomethylpropanol had no effect
and piperazine was slightly inhibitory. However
when piperazine was included in a suitable buffer,
giving a lower final concentration, no inhibition
was apparent. Of two possible antiseptics,
thymol was strongly inhibitory and formalin
appeared to have an activating effect. Citrate
pnd calcium, as anticipated components of a
solution in enuilibrium with enamel, were also
tested; citrate had no effect, calcium gave a
doubtful inhibition. The next step was therefore
to examine the effect of enamel supernatant.
10 mg. enamel was incubated with 10 ml. P-T
buffer (see Table XV) for 2 days at room
temperature and then centrif'uged. 1 ml.
portions of supernatant were treated by
Method III, except that the enzyme was contained
- 149 -
in 0*7 ml#, and 0*3 ml# water or 1 p.p.m. P
solution was added.
The results were as follows, the figures in
"brackets "being the number of measurements:
Activities
(arbitrary units) No P With P
P-T buffer alone 0*287(1) 0*112(2)
Enamel supernatant 0*293(2) 0*111(4)
The standard deviation of the six measurements in
the presence of fluoride was ±0*003. It was
concluded that the enamel supernatant has no
effect on the enzyme activity.
At this stage it was noted that Ericsson had
54-
claimed®* that chloride inhibited fluoride uptake
by enamel powder but did not inhibit uptake by
hydroxyapatite or intact enamel: the enamel used
was dried and the incubation period was 30
minutes. It is probable that the effect is
connected with the rehydration of the enamel
particles rather than the fluoride uptake, but in
order to avoid a possible interference with the
reaction, the P-T buifer, in which the enamel was
to be incubated was made up v/ith 0*05 N perchloric



























Regression of fluoride concentration on
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specific check with this solution has been mode,
but the amount added to the enzyme solution was
always constant, so that any systematic error
would be eliminated. A short term experiment
was carried out to examine the initial reaction of
fluoride with enamel.
Weighed amounts of enamel powder were
shaken with 9 ml. P-T buffer pH 6*6 in
polythene test tubes and rotated at 1*5 r.p.m.
at room temperature (18°C approximately) for
16 hours. 1 ml. 5 ug./ml. fluoride in P-T
buffer was added to each tube and the rotation
continued. At Intervals the tubes were
centrifuged and a sample of supernatant was
removed with a polypropylene pipette and
weighed. P-T buffer was added to make the
volume to 1 ml. and the fluoride was
determined by Method III.
The results are shewn in Table XVI. There
■
.p *
is no apparent shift in the fluoride concentration
attributable to repeated sampling, and no change
in the concentration is detectable in the
interval 9*5 - 171 minutes, although a clear
decrease occurs after 5*25 hours. There is a
decrease in the fluoride concentration with
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increasing amounts of enamel. It is to be
expected that the decrease should be proportional
to the amount of enamel. In order to test this
the regression of fluoride concentration on
weight of enamel was calculated excluding the last
two samples taken. The intercept is very close
to the initial fluoride concentration. The
standard error is rather large owring to the long
extrapolation reouired, but if any curvature had
been present, the intercept would be
correspondingly further away from the initial
concentration. The initial uptake is therefore
proportional to the amount of enamel added. The
slope gives the uptake at the mean time (64 min.)
and should be corrected to zero time for
comparative purposes. In order to proceed
further it was necessary to find some means of
suppressing the growth of micro-organisms.
Thymol, which had been found satisfactory in
conjunction with polarographic measurements,
could not be used as it inhibited the enzyme
(Table XV). Chloroform was unsuitable as it
v/ould become mixed with the enamel powder.
Toluene was next considered, but appeared to be
unsatisfactory, since a layer on the surface
152
would interfere with the sampling. The ideal
material would "be solid, inert and without any
ultraviolet absorption in the region used; no
such material has "been found so far. The use of
toluene was therefore reconsidered. One
<E
possibility was to place the end of a fine
sampling tube under the liquid; it would however
result in complicating the apparatus considerably
(because of the rotation and the necessity to
seal the end). Another possibility, due to
Dr. A.P. Ryle, was to include the toluene in a
dialysis bag. A trial of this showed that
overnight incubation was sufficient to saturate
the buffer, as judged by ultraviolet absorption,
and no film of toluene was visible on the surface
of the buffer in a closed container. A longer
experiment was therefore set up.
Weighed amounts of dried enamel powder
were placed in 5 polythene tubes and shaken
with 10 ml. P-T buffer. Several other tubes
were also filled with 10 ml. P-T buffer to
provide standards. A small dialysis sac
containing toluene was placed in each tube and
also in the remaining P-T buffer. The tubes
were stoppered and Incubated, at 25 % Q*2°C. in
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a water bath with rotation at 1*5 r.p*m*
After 2 days, 1 ml* 5*5 pig*/ml* fluoride
solution was added to all the tubes except one
containing enamel, to which buffer was added*
At intervals duplicate samples were removed
with polypropylene pipettes after centrifuging
and the tubes shaken up again* The samples
were weighed and made up to 1 ml* with buffer,
and the fluoride was estimated by Method III*
The experimental technique was designed to
ensure that the toluene and buffer concentrations
during the enzyme incubation were always constant
and that the standards were kept under the same
conditions as the experimental tubes*
Nevertheless one difficulty in interpretation
arose: the enzyme incubated with the sample from
the tube containing enamel but no fluoride showed
in the second estimation a higher activity, and in
the fourth estimation a lower activity than the
buffer alone, although there was good agreement in
the first and third estimations. The agreement
between the duplicates was good, however, so the
difference was used to correct the activities in
the other tubes containing enamel supernatant
before calculating the fluoride concentration*
Table XVII over
TABLE XVII




Time Liquid removed Mean F
hr. gm. fig. /gm.
2*9 1*958 0*497
























Initial volume = 11 ml.
Initial F concentration » 0*5 p.g./ml.
* Mean measured fluoride concentration in
llouid samples
[To face page 154
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The results ere set out in Table XVII.
Theory of fluoride uptake
There is no general diffusion equation to
describe data such as this, and the eouation
which describes the particular circumstances
4-o
used**" is not only too complicated for practical
purposes, but makes several assumptions; it is
difficult to assess whether these are justified
or not. The situation is simplified by the
fact that initially all diffusion eouations show
a close proportionality between the amount taken
up and the square root of time. This relation
holds true until the limits of the system begin
to affect the diffusion. These limits are the
thickness of the layer through which diffusion
is occurring, the approach to equilibrium, and
the depletion of the source of diffusible
material. In the present case, no information
is available on the maximum diffusion pathway,
and it must be assumed not to be limiting; and no
evidence of equilibrium has been found. The
source, however, is clearly limiting if the
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fluoride concentration fells considerably, as it
must if the changes are to "be measured.
We have therefore;
(F0 - F)V cc m -/t for diffusion
where F = fluoride concentration
Fo = initial fluoride concentration
V = volume of solution
m = weight of enamel
t = time
Therefore W _ Bm
at v/E
As an approximation to the effect of decreasing
fluoride concentration we put
dF „
at a F







In F = k|^t + In (1 - am)FoVo
where Vo = initial volume
a = initial fluoride uptake per unit
weight of enamel and per unit
concentration of fluoride
The value of V used here must clearly be the
mean volume weighted for the corresponding time
interval, when the same solution is sampled
Fig. 5
Fluoride uptake "by steamed "bona
i is
replotted from Smith and Davey***
Abscissa; square root of time in hours
Ordinate, upper scale; F concentration in fig./ml.






repeatedly. In view of the numerous
approximations, this eouation cannot he expected
to give an accurate fit, hut as a possible means
of clarifying an otherwise rather intractable
problem, it could be useful.
\(>s
The only data in the literature*5*® which can
be used to check the equation are shown in Pig. 5
replotted from the original graph, which showed
the change in the fluoride concentration of a
solution in contact with steamed bone. The
volume changes were presumably negligible.
When the fluoride concentration is plotted
against the sauare root of time, a straight line
is obtained until slightly over half' the
fluoride has been taken up, after which a marked
curvature appears. On the other hand when the
logarithm of the fluoride concentration is used
the line is virtually straight up to one tenth
of the original concentration, beyond which the
experimental error probably becomes rather large.
The logarithmic plot gives an intercept greater
than the original concentration, but it is not
clear whether this should be attributed to
deviation from theory or to experimental error.
The same type of graph has been used in
Pig. 6
Fluor 1 a® uptaloa over longer period
Data from Table XVI
Abscissa; square root of time r concentration of onomcl
Ordinate; logarithm of fluoride concentration
Lines link samples from same tube (no. in brackets)
10 40
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Fig. 4, end the same features ere apparent,
although the scatter of the points is rather
wider. The maximum volume change here was less
than 3% of the total volume.
An attempt can now be made to interpret the
data in Table XVII. The logarithmic plot is
used in Fig. 6 since the experiment is mainly
concerned with the later stages of the reaction.
The general form is similar to that of Fig. 4,
I
showing that the volume correction is useful, and
the lines have been brought considerably closer
by the correction for the amount of enamel.
There is still some difference in the slopes of
the lines, but it is not related to the amount of
enamelj it is suggestive of a systematic
difference betw?een the tubes rather than erratic
fluoride measurements. Nevertheless the
agreement between duplicates in this experiment
v/ps not as good as it could have been and an




The prepsration of enamel powder involves
several procedures which could affect its
properties. The only satisfactory method of
testing this is to examine the properties after
varying the preparation procedure, and this
cannot "be carried out usefully until the
properties themselves have been investigated
thoroughly. Thus choosing a method of
preparation for enamel is largely a matter of
intuition at present, unsatisfactory as this may
be.
In the only part of the preparation which
could be evaluated independently, namely the
separation of enamel and dentine, the evaluation
is limited by the lack of suitable tests, mainly
owing to the correlation between the methods of
testing and separating the two tissues. The
<2.Z
density is correlated with the refractive index***
and with the proportion of organic matter; and
virtually all the minor components are correlated
either with the organic or the inorganic
component. Other properties e.g. absorption of
i \ x
X-rays and fluorescence'*"* , tend to be correlated
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in the same way.
It can he said that large particles of
■
enamel and dentine can he separated and
recognised readily, hut that small particles
nresent difficulties in hoth procedures.
Unfortunately large particles are difficult to
produce in quantity, and are usually associated
with a proportion of dust anyway. In these
circumstances one is forced to prepare mixed
hatches of enamel of somewhat doubtful purity
and postpone evaluation of the manipulative
procedures.
It has heen shown that certain data on
fluoride uptake in the literature and the results
of initial experiments on enamel powder recorded
here can he descrihed in terms of a diffusion
process. There is an initial rapid uptake which
occurs within a few minutes and then a slower
diffusion process which appears to extend over a
period of weeks. It is probable that the
initial uptake occurs on the external surface of
jthe enamel particle. In the next stage one
would have expected to find a further uptake over
ja few hours by the surfaces of the crystals
Inside the particle followed by a slow uptake into
— 160 —
the interior of the crystals# The fact that
there appears to "be only a single diffusion
process suggests that the internal surfaces may
take up fluoride hy a process different from that
occurring on the external surfaces which have "been
exposed "by fracture. This would imply, as
knowledge of the structure of hard tissues also
1 04-
implies1"**» that there is a continuous chemical





This record "began with caries and ended with
caries, hut the work described represents only the
start of the investigation. Two ultimate
objectives have directed the nature of the
investigation.* the need for data on the process
of incorporation of fluorine during the formation
of enamel, and on the ways in which the
incorporated fluorine might react during carious
destruction of enamel; and the need for means of
establishing the relative importance of the
various factors which influence the occurrence and
progress of caries.
The initiation of this research has involved
the acouisition and testing of a number of
technioues, several of which are associated more
with industrial research. Home of these have
been found useful, some have been discarded, and
others have been left for more detailed
onsideration in the future.
The results of the work have been the partial
characterisation of an enzyme which is inhibited
°
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"by fluoride v;ell "below 0*1 p. p.m.; the use of
this enzyme for analytical purposes; the
recognition of the importance of diffusion
processes in the reaction between fluoride and
enamel; and the correlation of some visible
features of teeth with the presence of caries#
Other results which have already been published
are referred to in the appropriate section.
The characterisation of an enzyme inhibited
by low levels of fluoride is of interest from the
point of view of the toxicity of fluoride, since
I fa 7
Armstrong**"* has concluded that- no human enzymes
are inhibited appreciably by 1 p.p.m. fluoride.
It is unfortunate that it is not yet possible to
decide whether the inhibition of the esterase
described here is competitive or noncompetitive
and no concision is possible concerning the
effect of fluoride on the function of the enzyme
in the cell. Nevertheless the enzyme has been
found useful as an analytical tool, and the
actual measurement of fluoride is the simplest
and ouickest, as well as the most sensitive
available, which makes possible experiments
reouiring a considerable number of determinations.
6 i
The only comparable method®* which uses reverse
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isotope dilution and adsorption of ,eF, is
stated to have an uncertainty of 20%, hut is
much more specific*7.
Diffusion has long been recognised as a
part of any reaction between enamel and
substances in solution, but the only work in
which it is implicated as a limiting factor is
concerned with the dissolution of enamel by
acids73; the time-course is, however,
interpreted in terms of accumulation of reaction
products. Limitation by diffusion makes the
assessment of any associated chemical reactions
rather difficult. On the other hand it is
possible that the basic reaction could be





The principal stages in the development of
knowledge of fluorine, particularly in relation
to dental tissues have "been surveyed and the
present knowledge of the relation "between
fluorine and dental caries has "been indicated.
Evidence available in the literature concerning
the structure of dental enamel and its reaction
with fluoride has been described, and various
methods for measuring fluoride have been outlined.
A polarographic method for fluoride
estimation has been investigated and modifications
have been suggested. A new polarographic method
for fluoride estimation hes been proposed. A
method for separating fluoride by diffusion prior
to estimation has been tested.
The partial purification of a new enzyme
from liver is described and a new substrate for
the determination of its activity has been used.
The kinetics of the enzyme and the characteristics
of its inhibition by fluoride have been examined
and a method for estimating fluoride using this
- 165 -
inhibition has been studied#
Methods for the preparation of enamel powder
have been described and the kinetics of the
reaction between enamel powder and fluoride have
been investigated. The solubility of intact
enamel in the mouth has been investigated#
166 -
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n degrees of freedom
NADH reduced nicotinamide adenine
dinucleotlde
p.p.m. parts per million
P-T buffer see Table XV
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PRE-FLUORIDATION DENTAL EXAMINATIONS
Account of Sampling Procedure: Ayr and Kilmarnock
The proposed introduction of fluorine to the water
,applies of four demonstration areas in Great Britain
intailed prior dental examinations of pre-scliool and school
:hildren, to obtain base-line data for subsequent annual
nspections. Kilmarnock was chosen as one of these four
treas, and the neighbouring Burgh of Ayr, with approxi-
nately the same population was selected as a "control".
Preliminary discussions with all concerned decided the
;ampling procedure. The Statistician of the Ministry of
Health, who is a member of the Fluoridation Steering
Committee, was consulted to ensure uniformity with the
rther three demonstration areas in England and Wales.
In planning the investigation, it was agreed that the
>ample should consist of at least the following children







5 ,, ,, ... 55 55
6 ,, 55 55
7 ,, ... 55 55
8 ,, ,, 44 44
9 ,, 44 44
10 , ,, 44 44
11 ,, 44 44
12 ,, ,, 33 33
13 „ ,, 33 33
14 ,, ,, 33 33
There are roughly 3,000 pre-school children in Kil¬
marnock and rather more than 7,000 school children,
including some, especially in the advanced classes, who
come in from the surrounding county area.
The birth registers were consulted and lists of births
of 3 and 4 year olds, i.e. all those on the register having
been born between 1st June 1950 and 31st May 1952 were
made. These lists were carefully examined and compared
with the lists of children on the Health Visitors' cards.
Children who were known to have died, or removed
permanently from the district were excluded, and added
to the lists were any children now thought to be per¬
manently in the area, who had come into it before the
age of 6 months. Where information was incomplete, the
Health Visitor paid a special visit.
The lists as they now stood were again reviewed and
there were 1,061 entries. As only about 200 children
were needed, every fourth name according to date of
birth was extracted and this gave some 265 entries. The
homes of all the children included in these 265 items were
visited by the Health Visitors and the guardian was asked
if he or she was prepared to bring the child in question
to one or other of the Child Welfare Clinics, so that
his or her teeth could be examined by the Visiting Dental
Surgeon. A short account of the reason for the visit was
given, varying with the amount of knowledge of the
fluoridation project already possessed by the guardian.
Of the 265 entries, just over 200 evinced a desire to
co-operate and stated that they would attend.
The Dental Surgeons carried out the examinations in
June 1955 at three centres. Each child was given the
alternative of two dates and in some cases, a third.
Arrangements were made for 25 children to attend at
each session. The number who actually attended varied
from 16 to 25 and eventually, of the first 200 children
chosen for examination, 166 were submitted for examina¬
tion. Some 8 of these children proved refractory and
could not be examined, so the effective number was
reduced to 158.
It then proved necessary to draw another sample and
this time, starting from the second on the list, every
eighth name was drawn. The Health Visitors visited the,
homes of the children as the names were submitted to
them, and eventually from 58 homes visited, 34 children
were presented, of which number 2 could not be
examined as they proved non-co-operative. The reason
for the small number is partly due to the fact that on
at least two clinic sessions, it was raining incessantly.
These were the last clinic sessions.
(As a matter of interest, some of the mothers brought
their children the next week, although not requested,
in the hope that the dental examination might still be
made.)
The Dental 'Surgeons thus examined altogether 200
children from the sample drawn (this included 10 non-
co-operators). It was considered desirable for them to
examine, in addition, the children in the day nurseries,
and 30 of these children were examined, i.e., all but 4
in the appropriate age group. (The latter 4 were off
with infections).
With regard to the school children, each school was
visited by a member of the clerical staff who, from the
class registers, extracted every fifth name. The name
in the first five was chosen at random. Thereafter, when
moving from class Lo class, the sequence was maintained,
i.e., if 2 remained in one class, the third in the succeeding
class was the next chosen. In the extracts, any children
with addresses outwith Kilmarnock and any children who
iiacl not lived all their lives in Kilmarnock, were excluded,
and the next name following on the register was chosen.
Altogether, 1,277 names were listed, and from this, the
aim was to examine at least 880 chosen by random sample.
(A few extra were placed on a supplementary list, so
that the name of any absentee could be replaced by one
from this list.)
The Dental Surgeons revisited each school towards
the end of the Survey, to attempt to gather in the par¬
ticulars of any absentees at the first visit who had returned
to school. There was, unfortunately, an epidemic of
mumps at this time and the result of this was that a
considerable number of absentees were not seen at any
of the visits.
The final figures were:—





















In general, the methods adopted in Ayr in the selection
of the sample were similar to those used in Kilmarnock,
but there were some differences in detail.
The pre-school sample required was:—
1.6.51-31.5.52 (3 year old)
1.6.50-31.5.51 (4 year old)









The Health Visitors overhauled all the records of
children in these groups and brought them up to date.
Numbers in each case were considerably in excess of the
sample required and reduction was made by the use of
random numbers, after preliminary elimination of all who
were not life-long residents and a very few who were
considered as certain not to co-operate.
All children (approximately 60) attending the Nursery
School (a few of these had already been selected as part
of the sample) were dentally examined in addition to the
random sample.
Each school was visited in turn (no special sequence),
class registers obtained and arranged in order from the
highest class to the lowest (e.g. Senior 3A, SB, 3C—2A, 2B,
2C, etc. Primary 7A, B, 6A, B, etc.)
Registers were then scrutinised in order as above, and,
disregarding all children born prior to 1st June, 1940, the
name, class, address and date of birth of every fifth child
was recorded.
All pupils at present resident outside the Burgh were
then removed from the list. A further visit was then
made to each school in order to eliminate from the
remainder, those who had not been life-long residents in
Ayr. Lists were then prepared according to age-groups.
The samples required in the school age-groups were: —
1.6.49-31.5.50 ( 5 year
1.6.48-31.5.49 ( 6 ,,
1.6.47-31.5.48 ( 7 ,,
1.6.46-31.5.47 ( 8 ,,


























Where the numbers were in excess, in any age-group,
names were eliminated by the use of random numbers
until the requisite sample remained. But unexpectedly
in three instances, girls 1945-46, boys 1947-48, and girls
1949-50, the numbers, after elimination of non-residents,
were insufficient. To correct this, a further visit was
made to each school and the additional numbers re¬
quired for the samples picked out by the use of random
numbers, starting with the first name not already chosen.
Owing to the fact that most of the schools admit
5 year old entrants twice in the session, it was found
that a considerable proportion of the 1949-50 group were
not yet at school and a school sample was reduced to 37
boys and 37 girls and augmented by 18 boys and 18 girls
not vet attending school.
Return visits were paid to schools to pick up absentees
and, as far as practicable, pre-school children were offered
an alternative appointment. Practically all the mothers
of the pre-school children signified their intention of
keeping their appointments but, as the following figures
show, quite a considerable number failed to do so:—









in general in Scotland are carried out without previous
notice to parents.
The whole procedure took place in the 6 weeks from
mid-May to the end of June in both the Burgh of Kilmar¬
nock and the control town of the Burgh of Ayr.
No particular difficulty was experienced but the visiting
of the homes of pre-school children was time-consuming.
It was felt that a reasonable cross-section of the dental
condition of the children in the Burghs was obtained








The parents of the school children were not informed
specifically about the examination, as dental examination
DENTAL EXAMINATIONS AND RESULTS.
Personnel: The dental examinations were carried out by
Dr J .N. Mansbridge, Lecturer in Preventive and Social
Dentistry in the Department of Social Medicine, and Mr
C. P. Wallis, Lecturer in Preventive Dentistry in the
Department of Dental Surgery of the University of Edin¬
burgh.
Two assistants were also employed for clerical duties
and the recording of examination data.
Equipment: The examinations were made using plane
mirrors and No. 54 Ash probes. Since the examinations
were carried out in schools and clinics, and the standards
of accommodation varied considerably, each examiner
carried a portable Angle-poise lamp with a 60 watt bulb.
These were used throughout the Survey regardless of the
standards of natural lighting available.
A portable dental chair and a portable headrest for
attaching to an ordinary domestic chair completed the
dental equipment.
Methods of Examination: The examinations were com¬
menced in May and were completed by 1st July, 1955.
The pre school children were examined at Child Welfare
Clinics, with the exception of a small number, who were
examined at Nurseries in Kilmarnock, and a nursery
school in Ayr.
The school children were examined at their respective
schools.
The findings were dictated by the examiner to a clerical
assistant who recorded these on a dental chart.
In assessing dental caries, no lesion was recorded as
carious unless there was a definite breach of the enamel,
together with palpable softening of the underlying dentine.
In the case of pits and fissures, these were not recorded as
carious unless some softness was palpable by probe, using
light pressure. Haiti surface defects of enamel were not
recorded as being carious.
Using these criteria of dental caries, data were obtained
for each tooth surface and each child examined, which
indicated:—
(a) Each specific tooth surface decayed and/or filled.
(b) Each specific tooth that was present, non-carious,
decayed or filled.
(c) Missing permanent teeth were assumed to have been
carious, unless a history was obtained to indicate
that tooth loss was due to other causes, such as,
trauma or orthodontic extraction. The procedures
adopted for the deciduous dentition are described
on page 18.
(d) Unerupted teeth were recorded as such, but in the
tabulated data which follow, all teeth which were
unerupted or known to have been lost for reasons
other than caries, have been excluded.
Results: The results of the dental survey of Kilmarnock
and Ayr children are presented in terms of three indices,
(i) The total number of decayed, missing and filled
teeth expressed as the rate per 100 children.
(ii) The total number of decayed, missing and filled
teeth expressed as the rate per 100 teeth examined.
(iii) The percentage of children who were free from
dental caries.




Number Teeth per D.M.F. Percentage
-ge- of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
5 19* 16 4-84 94-7
6 56 61 11-89 69-6
7 57 128 14-72 38-6
8 49 200 17-28 18-4
9 42 274 19-93 119
0 47 368 21-33 4-2
1 49 406 19-01 6-1
2 30 537 21-27 3-3
3 33 633 22-92 15-1 +
14 40 730 27-38 2-5
This high figure has been checked. It appears to be a
hance occurrence, representing 5 children caries-free
tut of a total of 33 children.
\ total of 47 five year old boys was examined, of whom
28 had no permanent teeth erupted.
tble 2—Kilmarnock Girls
D.M.F.
Number Teeth per D.M.F. Percentage
ige of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
5 34* 47 12-21 79-4
6 58 79 12-96 56-9
7 55 174 18-04 27-3
8 45 271 21-98 8-9
9 43 344 23-34 4-6
10 46 483 24-23 4-3
11 45 553 24-20 2-2
12 34 803 30-71 2-9
13 33 761 27-89 0-0
14 32 756 27-25 3-1
A total of 57 five year old girls was examined, of whom
23 had no permanent teeth erupted.
able 3—Ayr Boys
D.M.F.
Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
5 17* 35 10-53 76-5
6 57 65 13-86 64-9
7 55 178 20-67 29-1
8 45 240 20-38 11-1
9 45 322 24-13 15-5
10 44 370 21-70 6-8
11 43 458 21-67 4-6
12 33 515 20-02 0-0
13 33 609 23-26 6-1
14 33 721 26-24 6-1
A total of 54 five year old boys was examined, of whom
37 had no permanent teeth erupted.
Table 4—Ayr Girls
D.M.F.
Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
5 17* 35 8-82 76-5
6 57 93 17-26 59-6
7 53 219 20-94 18-9
8 44 286 22-30 11-4
9 40 352 22-81 5-0
10 42 454 23-43 2-4
11 42 586 24-09 4-8
12 33 627 24-70 3-0
13 34 709 26-28 0-0
14 32 875 31-60 3-1
* A total of 57 five year old girls was examined, of whom
40 had no permanent teeth erupted.
The permanent and deciduous dentitions were tabu¬
lated separately to avoid the difficulties which arise as the
result of exfoliation of the deciduous teeth after age of 5
years.
Deciduous Dentition: The data relating to the deciduous
teeth have been presented for two distinct age-groups: —•
(a) Those aged 3 and 4 years.
(b) Those aged 5 to 8 years (inclusive).
For the first age-group, the indices have been calculated,
making the assumption that all missing teeth were extrac¬
ted because of dental caries and the indices therefore
relate to all 20 deciduous teeth.
In the 5 to 8 year age-group, the indices were calculated
in respect of the deciduous first and second molars and
canine caries.
The deciduous incisor teeth were excluded from all con¬
sideration in this age group since their absence may be
due equally to natural exfoliation or extraction because
of dental caries.
The indices therefore relate to twelve deciduous teeth
only, and the assumption is made that missing molars or
canine teeth in ibis age-group were extracted because of
dental caries since natural exfoliation of these teeth does
not normally occur within this age range.
The tabulated results for the deciduous dentition are
presented in Tables 5 to 8.
DECIDUOUS DENTITION : 1955
Table 5—Kilmarnock Boys
D.M.F.
Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
Pre-School Children
3 53 475 23-77 26-4
4 48 677 33-85 12-5
School Children 5 to 8 years (inclusive)
Deciduous Molars and Canine Teeth only
5 47 623 51-95 8-5
6 56 705 58-78 1-8
7 57 749 62-43 1-7
8 49 797 66-50 0-0
Table 6—Kiimarnock Girls
D.M.F.
Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
Pre-School Children
3 52 350 17-50 32-7
4 57 651 32-54 14-0
School Children 5 to 8 years (inclusive)
Deciduous Molars and Canine Teeth only
5 57 668 55-70 5-3
6 58 729 60-77 5-2
7 55 724 60-30 1-8
8 45 827 68-89 00
Table 7—Ayr Boys
D.M.F.
Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
Pre-SchooI Children
3 41 454 22-41 31-7
4 47 698 34-89 10-6
School Children 5 to 8 years (inclusive)
Deciduous Molars and Canine Teeth only
5 54 613 51-08 7-4
6 57 761 63-45 1-7
7 55 753 62-73 3-6
8 45 771 64-26 0-0
Table 8—Ayr Girls
D.M.F.
Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
Pre-School Children
3 34 415 20-73 32-3
4 53 617 30-85 9-4
School Children 5 to 8 years (inclusive)
Deciduous Molars and Canine Teeth only
5 57 612 51-02 3-5
6 57 693 57-75 5-3
7 53 774 64-46 0-0
8 44 830 69-13 2-3
inations in May-June 1955. In May-June 1956, i.e.,
to 6 weeks after the start of fluoridation, the second anm
examinations of the children began. As fluoridation h
been in operation for so short a time, it was felt that tin
examinations could also be used as base-line data.
As far as possible, the children examined in 1955 we
re-examined in 1956. In the case of the pre school 3 ye
olds, in 1955, it was possible to examine almost them a
the few that were unavailable being replaced by otln
from last year's list of surplus names. The 4 year ol
in the pre-school group were in 1956 examined as 5 ye
old school entrants. It was necessary to choose a cot
pletely new 3 year old group in 1956, and this was do
in the same manner as in 1955.
With regard to the school children, it is to be und<
stood that each group was a year older in 1956, the 5 yc
olds becoming the sixes, and so on. The 4 year olds 1;
year became the 5 year olds this year, as has been e
plained, and the 14 year olds passed out of the sun
at the end of the age range. It was only necessary to fit
replacements for 39 school children and these were chos-
from the surplus list of the year before.
The personnel, equipment and methods of examinati<
were the same as those employed for the original base-li:
(pre-fluoridation) survey.
The results of the 1956 survey are summarised in Tab]
9 to 16.




Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Childrei
Children Children 100 teeth Caries-free
Examined Examined Examined
5 20* 35 12-50 80-0
6 42 38 7-37 73-8
7 63 191 20-76 25-4
8 57 258 22-01 12-3
9 47 300 21-59 4-3
10 43 402 23-22 7-0
11 49 488 22-83 0-0
12 48 619 24-61 2-1
13 33 815 29-89 0-0
14 36 822 29-66 2-8
* A total of 47 five year old boys was examined, of who
27 had no permanent teeth erupted.
Table 10—Kilmarnock Girls
D.M.F.
Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Childrer
Children Children 100 teeth Caries-free
Examined Examined Examined
5 20* 35 11-86 80-0
6 57 116 15-98 491
7 56 202 20-18 25-0
8 59 290 23-30 13-6
9 45 393 25-11 2-2
10 46 478 25-37 6-5
11 44 675 27-97 2-3
12 47 860 32-85 0-0
13 35 1006 36-70 2-9
14 34 988 35-90 0-0
Fluoridation of the water supplies started in April 1956
-approximately 11 months after first base-line exam¬
* A total of 48 five year old girls was examined, of whon
28 had no permanent teeth erupted.
■fable II—Ayr Boys Table 14—Kilmarnock Girls
D.M.F. D.M.F.
Number Teeth per D.M.F. Percentage Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Children Age of 100 Teeth per of Children
Children Children 100 teeth Caries-free Children Children 100 teeth Caries-free
Examined Examined Examined Examined Examined Examined
5 21* 24 8-20 80-9
6 54 76 14-29 63-0 Pre-School Children
7 54 207 23-48 22-2
598 52 273 23-87 15-4 3 388 19-41 44-1
9 43 363 25-79 9-3 4 59 614 30-68 119
10 46 404 24-31 8-7
11 44 491 23-10 2-3
12 42 674 26-88 4-8 School Children 5 to 8 years (inclusive)
13 31 755 27-96 0-0 Deciduous Molar and Canine Teeth only
14 32 809 29-50 0-0 5 48 627 52-36 6-2
6 57 756 63-01 3-5
* A total of 59 five year old boys was examined, of whom 56 805 67-11 1-7
38 had no permanent teeth erupted. 8 59 842 70-20 1-7
Table 12—Ayr Girls Table 15—Ayr Boys
D.M.F.
Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
5 23* 26 6-98 82-6
6 57 68 13-00 63-2
7 57 212 21-49 26-3
8 51 353 26-16 2-0
9 51 373 23-40 3-9
10 42 505 26-67 2-4
11 41 595 24-65 2-4
12 40 778 30-08 5-0
13 34 909 34-14 2-9
14 29 928 33-46 0-0
; A total of 57 five year old girls was examined, of whom
34 had no permanent teeth erupted.
D.M.F.
Number Teeth per D.M.F. Percentage
Age of 100 Teeth per of Children
Children Children 100 teeth Caries-free
Examined Examined Examined
Pre-Schoo/ Children
3 67 515 25-75 28-4
4 59 756 37-80 10-2
School Children 5 to 8 years (inclusive)
Deciduous Molar and Canine Teeth only
5 59 639 53-25 5-1
6 54 722 60-19 1-8
7 54 843 70-22 1-8





























































School Children 5 to 8 years (inclusive)
Deciduous Molar and Canine Teeth only
School Children 5 to 8 years (inclusive)
Deciduous Molar and Canine Teeth only
5 47 694 57-80 8-5 5 57 656 54-68 3-5
6 42 688 57-34 9-5 6 57 732 60-96 0-0
7 63 768 64-02 16 7 57 753 62-72 3-5
8 57 823 68-57 1-7 8 51 871 72-55 0-0
COMMENTS
Since fluoridation of the Kilmarnock Water Supply
only began in April 1956, no observable effect upon the
incidence of dental caries in Kilmarnock children could
be expected by the time the second dental survey took
place in May and June of the same year.
Figure 1
Incidence of Dental Caries, Ayr and Kilmarnock, 1955




The Incidence of Dental Caries 1956: The results of the
1956 Survey are presented in Tables 9 to 16. As in 1955,
the findings in 1956 also show no consistent differences in
the incidence of dental caries between Kilmarnock and Ayr
children.
However, in both towns there is evident, a generally
consistent increase in dental caries incidence of the per¬
manent teeth in 1956, as compared with 1955. Figures II
Figure 2




and III illustrate this increase in dental caries of t
permanent teeth in bolh Kilmarnock and Ayr children.
Figure 3
Incidence of Dental Caries, Ayr, 1955 and 1956
The Incidence of Dental Caries 1955 : The data pre¬
sented in Tables 1 to 8 reveal that there are no consislent
differences in the incidence of dental caries of either tire
permanent or deciduous teeth between Kilmarnock and
Ayr children. Such differences as do occur would appear
to be entirely random.
A comparison of the dental caries incidence of the per¬
manent teeth of Kilmarnock and Ayr children in 1955 is
presented graphically in Figure I (for convenience both
sexes have been combined.)
( BOTH SEXES COMBINED )
AGE IN YEARS
The consistency of this increase at the various ages
such as to suggest strongly that this increase in dent:
caries is not a chance effect but a real increase in incident
of this disease.
In the deciduous teeth however, the differences i
dental caries in 1956, as compared with 1955 are le:
consistent, but nevertheless they suggest a trend towart
a higher incidence in 1956 in both towns.
SUMMARY
Data are presented to show the incidence of denta
caries by age and sex in Kilmarnock and Ayr children it
the age range 3-14 years for 1955 and 1956.
Comparison of these data indicates that there are m
important differences in dental caries experience betweei
the Kilmarnock and Ayr samples in 1955 or 1956.
Furthermore, comparison of the data for 1956 with thosi
for 1955 show in both Kilmarnock and Ayr, a consisten
increase in incidence of dental caries of the permanen
dentition, while a trend, suggestive of a similar increast
is observed in the deciduous teeth.
The high incidence of dental caries in both Kilmarnocl
and Ayr is to be noted, where, by the age of 14 years
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1. Preparation of Enamel Powder in Water.—C. P. Wallis, Department
of Biochemistry and School of Dental Surgery, University of Edinburgh. The
Manly and Hodge separation (J. D. Res. 18: 133, 1939) has been modified to
avoid drying the enamel. The crowns of extracted teeth are cleaned and ground
under water in an electric mortar and pestle at 1° C., pouring off the suspension
at 15-miiiute intervals. The powder is transferred to a 50 ml. centrifuge tube,
washed with acetone, and centrifuged at 4,000 g for 15 minutes at 5° C. in
bromoform/acetone of density 2.7. The dentine can be poured off with the
liquid and each fraction is again centrifuged in the bromoform mixture. The
enamel sediments are washed with acetone and water and stored at 0° C.
2. Removal of Fluoride from Solutions of Sodium and Stannous Flu¬
oride by Powdered Enamel.-—S. A. Leach, Turner Dental School, Manchester,
F. A. Smith, D. E. Gardner, and II. C. Hodge, University of Rochester, School
of Medicine and Dentistry, Rochester, N. Y. Hatton, Nebergall, and Muliler
(J. D. Res. 34: 350, 1955) reported that powdered enamel removed more fluoride
from solutions of stannous fluoride than from solutions of sodium fluoride
which initially contained stoichiometrically equivalent amounts of fluoride.
Shaking powdered enamel in the fluoride solutions increased the pH, markedly
for stannous fluoride and detectably for sodium fluoride. On increasing the
pH of stannous fluoride solutions in the absence of enamel, precipitates were
formed which contained sufficient fluoride that might account, at least in part,
for the greater amount of fluoride removed from stannous fluoride solutions.
The fluoride removed as precipitate from a series of stannous fluoride solutions
on increasing the pH was measured and the fluoride removed at any arbitrarily
chosen series of initial fluoride concentrations could be found by interpolation.
From the data of Hatton and co-workers, in stannous fluoride solutions shaken
with enamel, the fluoride similarly removed could be found at the same inter¬
polated initial concentrations. No discrimination could be drawn between data
from stannous and sodium fluoride solutions at the lower concentrations of
fluoride. At the higher concentrations more fluoride may have been taken up
from the stannous fluoride solutions; however, the differences are not great and
the higher initial acidity may have been responsible.
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DIFFERENTIATION OF ENAMEL AND DENTINE PARTICLES
C. P. Wallis, Department of Biochemistry a?Td School of Dental Surgery,
University of Edinburgh, Edinburgh, Scotland
Received for publication August 15, 1958
Abstract.—A method, based on the periodic acid-leucofuchsin reaction, is described, by
which dentine particles may be selectively stained with neutral solutions. The method is
suitable for pulverized teeth, containing particles with dimensions greater than l-2/i. It
can be applied also to sections. The dentine is stained red by treatment with a buffered
neutral solution of periodic acid followed by a dilute solution of unreduced fuchsin; the
excess fuchsin being removed by washing with water. The enamel is either unstained or
stained a light pink. The loss of material caused by the usual acidic solutions is reduced
to negligible proportions.
Introduction
During the investigation of methods for separating the enamel and dentine
of pulverized teeth, it became necessary to have a simple method for assessing
the purity of the preparations. Manly and Hodge (1939) described the use for
this purpose of a liquid with a refractive index between that of enamel and
dentine; they estimated the degree of contamination by counting particles of
each type.
In the present work, the particles were considerably smaller and this method
was found to be difficult and tedious to apply. Attention was therefore turned to
the method described by Hutton (1953) which made use of the periodic acid-
Schilf reaction. These reagents are strongly acid and dissolve both enamel and
dentine particles.
It was assumed at first that etching by acid or other means would lie essential
for the reaction to occur, and selective staining of the dentine was attempted
using partial extraction with ethylene diamine and neutralized reagents.
However, the results were better when the extraction was omitted, showing
that periodate is capable of attacking intact dentine. The method finally de¬




1. 0.5% periodic acid adjusted to pH 7 with 0.1 N ammonium acetate buffer.
2. 0.02% basic fuchsin in water.
Material
The entire root and pulp were removed under running tap water from all
teeth shortly after extraction. The crowns were stored and ground under water,
and the powder was not dried at any stage prior to staining (except in the re-
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covery experiments). Some samples of powder were centrifuged in bromoform
(specific gravity 2.86) in order to obtain pure enamel powder for control ex¬
periments. All preparations of tooth powder were used within 1 wk of extrac¬
tion of the teeth.
Method
About 20 mg of powder was incubated for 5 min at 50°C with 4 ml of the
periodate solution in a centrifuge tube. The powder was centrifuged down,
washed twice with water and incubated for a further 20 min at 50°C with 4 ml
of fuchsin solution. After washing a further 5 times with water, the powder was
spread on a slide, allowed to dry, and mounted in Canada balsam.
Results
Photomicrographs of stained tooth powder are shown in Fig. 1. Dentine
stains a bright red in the larger particles, and rather paler in the smaller
particles. Enamel shows a faint pink in bidk, and in the largest particles under
the microscope. The differentiation of enamel is improved by the mounting
medium, in which enamel particles appear more refractile than dentine
particles.
As a check, the method was applied to a ground section of a tooth which
had been fixed in formalin. The dentine was heavily stained, and the enamel
was unstained apart from a few small areas which were pink.
Fig. 1. Stained tooth powder, X 300. (a) Mixed enamel and dentine particles; dentine
particles are dark; (b) Large dentine particles. For photographic purposes, these samples
were stained with 0.05% fuchsin.
Table 1. Loss in Weight During Staining op Tooth Powder
Sample no. 1 2 3
Initial weight, mg 14.3 24.3 41.2
Loss, mg 0.4 0.9 1.3
Loss, % 2.8 3.7 3.2
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The solubility of the powder in the solutions used was investigated by
measuring the loss in weight during staining. Samples of tooth powder were
washed in acetone, dried at 60°C and weighed. The powder was then suspended
in water, stained as described above, washed in acetone and dried again at
60°C. The results are shown in table 1.
Discussion
The powder used in these experiments had a mean particle diameter in the
range 10-20 p,, and difficulty had been experienced in distinguishing between
enamel and dentine particles, the smaller particles being particularly trouble¬
some in this respect. The method described was developed primarily to show the
particles of dentine, which are usually smaller than the enamel particles in
purified preparations of the latter. However there is also sufficient contrast
between the two types of particles after staining to enable the purity of dentine
preparations to be checked.
One of the aims of this investigation was to eliminate the dissolution of
powder by acid reagents: the results in table 1 show that the amount of powder
dissolved is negligible. The solubility of enamel in water is low, but the loss is
considerably smaller than the amount which could be dissolved at equilibrium
in the total volume of water used.
It is probable that the stain is confined to those areas in the teeth which con¬
tain appreciable amounts of organic matter, and that the staining in fact demon¬
strates the distribution of organic matter. There is also little doubt that the
density of an enamel particle is primarily determined by its organic content.
One may therefore expect that enamel particles which float in bromoform with
a density lower than the density of bulk enamel will also stain more intensively.
Fortunately it does not seem likely that the intensity of staining will approach
that of dentine.
These considerations are of interest in developing a quantitative measure¬
ment of enamel purity. If stained enamel particles were dissolved in acid, it
might be expected that the light absorption could be used to give a measure
of the purity. This estimate will vary to some extent with the method of prepara¬
tion of the enamel for the reasons already mentioned, but comparative esti¬
mates should be possible. Preliminary experiments on these lines have been
encouraging.
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THE POLAROGRAPHY OF ARSONIC ACIDS
c. p. wallis
Department of Biochemistry, University of Edinburgh (Scotland)
-The polarography of the arsonate group was first investigated by Breyer1 who
found reduction to occur irreversibly at potentials more negative than —i.o V. The
wave is unsatisfactory formeasurement and later work has concentrated on substituted
derivatives. Kolthoff2 used w-nitrophenylarsonic acid to titrate thorium ampero-
metrically, the decrease in height of the NO2 wave being produced by precipitation
of the thorium arsonate. More recently, Maruyama and Furuya3 described the
polarographic behaviour of a series of substituted diphenylarsinic acids. It is of
interest that the o-nitro derivatives showed distinct differences from the other
isomers.
During a survey of the reactions of various arsonic acids with thorium it was
observed that certain compounds exhibited an unexpected polarographic wave in
acid solutions. The present work is a preliminary investigation of the nature of the
waves shown by o-nitrobenzenearsonic acid and Thoron Reagent.
methods
The measurements were made with a Southern Instruments Ltd. cathode ray
polarograph using an Ag/AgCl anode, and with a manual polarograph connected to
the same cell; electrocapillary curves were determined with the latter by timing
50 drops. All solutions contained 0.02 N chloride and the cell temperature was
maintained at 25°. The arsonic acids were used as purchased, recrystallisation having




The cathode ray polarogram shows three peaks before the arsonate wave (Fig. 1).
The first peak, at —0.22 V is due to the reduction of the nitro group. The second
peak at —0.47 V is rather small; the peak at —0.75 V is double and its origin is not
immediately apparent. In the manual polarogram (Fig. 2) the same three waves are
seen, the third wave having a maximum. The start of the reduction of the arsonate
group of o-arsanilic acid is also shown in Fig. 2. There was no evidence of current
inhibition of the type described by Schmid and Reilley4 although the increase of
current during each drop was rather erratic in the region of the third wave.
An examination of the cathode ray polarograms of m-nitrobenzenearsonic acid,
References p. 313
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o-arsanilic acid and benzenearsonic acid showed no peaks in the region of the seconc







Fig. 1. Lower part: cathode ray polarogram
of 0.001% o-nitrobenzenearsonic acid in
0.1 M chloracetate buffer half neutralised.
Upper part: electrocapillary curves; • 0.01
% o-nitrobenzenearsonic acid in same buffer;
continuous line, buffer only. Left ordinate is
point reached on screen during sweep at which
drop falls; 0.01 units= 40 msec approximately.
Fig. 2. Lower part: manual polarograms,
Upper part: electrocapillary curves (left ordi¬
nate indicates drop-time); continuous line,
0.1 M chloracetate buffer half neutralised;
• 0.005% o-nitrobenzenearsonic acid in same
buffer; o 0.005% o-arsanilic acid in same
buffer.
In the presence of a surface active material (0.01% Lissapol N) the second and
third waves in both types of polarogram were suppressed. A similar result was
produced by the addition of an equivalent amount of a thorium salt. In a cationic
buffer (0.1 M pyrazole) the height of these waves was reduced. Table I shows that
the third peak disappears on dilution.
TABLE I
EFFECT OF THE CONCENTRATION OF O-NITROBENZENEARSONIC ACID ON THE HEIGHTS OF THE PEAKS
IN THE CATHODE RAY POLAROGRAM




The effect of varying the height of the mercury column is shown in Table II. The
change in height of the first and second waves is, within the experimental error,
proportional to the square root of the head of mercury. The third wave (i.e. the
diffusion current following the maximum) shows essentially no alteration: this is
usually considered to be the criterion of a kinetic current.
It was apparent from the effects of surface active materials that some adsorption
was occurring and an electrocapillary curve was therefore obtained (Fig. 2). This
shows two maxima, and a minimum corresponding to the foot of the third wave.
References p. 313
•0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9 -1.0
Volts
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TABLE II
EFFECT OF THE HEAD OF Hg ON THE MANUAL POLAROGRAPHIC WAVE HEIGHTS OF
0-NITROBENZENEARSONIC ACID
Hg pressure rst wave (-0.3 V) 2nd wave (-0.5 V) 3rd wave (-0.9 V)





























The corresponding curve for o-arsanilic acid indicates some slight depression of the
legative branch, suggesting adsorption of a positive ion.
In order to determine if the saw-tooth potential of the cathode ray polarograph
Lffected the electrocapillary curve, the point on the screen at which the drop fell off
vas plotted against the corresponding potential (Fig. i). The error of measurement






0 -0.5V -0.3 -0.8V
7ig. 3. Cathode ray polarogram of 0.001% Thoron Reagent in 0.1 N acetate buffer half neutralised.
0.02% Lissapol N added to (d) and (e).
rhoron Reagent: o-(2-hydroxy-3,6-disulpho-i-naphthylazo)-benzenearsonic acid
The cathode ray polarogram of Thoron Reagent shows three peaks in acid solution
Rig. 3). The first is double and has a small prewave (at —0.15 V), but a single well
iefined peak appears in its place if the pn of the solution is progressively raised,
showing that this peak is due to reduction of the azo group. The second peak shows
he unusual property of disappearing completely when the starting potential of the
sweep is 0.15 V positive to the foot of the peak. The diminution of the second peak
is the starting potential is advanced is closely correlated with the position of the
start potential in relation to the second part of the first peak. Experience has shown
hat other peaks formed in the cathode ray polarograph are only decreased in height
vhen the starting potential has passed the foot of the peak: the normal behaviour
nay be seen in Fig. 5. The third peak of Thoron Reagent is only partially visible on
he screen of the standard cathode ray polarograph and has not been investigated;
t appears to behave similarly to the second peak, however.
The effect of Lissapol N is to eliminate the second wave, and to decrease the second
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part of the first wave. When sufficient detergent is added to eliminate the seconc
part almost completely (Fig. 3(d) and (e)), the first part is depressed. Thorium ha
no effect on the peaks, provided precipitation does not occur.
The manual polarogram is shown in Fig. 4. The slope of the first wave indicate;
that it is irreversible (or possibly an unresolved double wave); the foot, centre anc
top correspond respectively to the prewave and the first and second parts of the firs
cathode ray peak. There is also a wave corresponding to the third peak: the seconc
peak occurs at the foot of this wave.
The electrocapillary curve in Fig. 4 shows a distinct minimum in the region of thi





Fig. 4. Lower part: manual polarogram of
0.005% Thoron Reagent in 0.1 N acetate
buffer half neutralised. Upper part: • corre¬
sponding electrocapillary curve; continuous
line, buffer only. Left ordinate indicates
drop-time.
Fig. 5. Cathode ray polarogram of 0.001%
ADNSino.i N acetate buffer half neutralised
o-(i,8-dihydroxy-3,6-disulpho-2-nafththylazo)-benzenearsonic acid: ADNS
This compound, closely related to Thoron Reagent, shows in the cathode ray
polarogram (Fig. 5) a first peak of similar shape, but there is no evidence of any peak
Fig. 6. Lower part: manual polarogram of 0.005% ADNS in 0.1 N acetate buffer half neutralised.
Upper part: • corresponding electrocapillary curve; continuous line, buffer only. Left ordinate
indicates drop-time.
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nalogous to the second peak of Thoron Reagent. The peak became rounded on
ddition of Lissapol N. The first wave of the manual polarogram (Fig. 6) has a
ounded foot and a very sharply angled top. The electrocapillary curve (Fig. 6) has
small inflexion, but the extent of the adsorption at potentials above and below the
irst wave appears to be similar.
/>-Dimethylaminoazobenzenearsonic acid showed a single well-defined wave in
cetate buffer and was not investigated further.
DISCUSSION
'he polarographic peaks which have been described are characterised by (1) pH
ependetice of the peak potential and (2) complete suppression in the presence of a
urface active material. The first implies that a reduction process is involved, and the
econd that it is limited to adsorbed material. A catalytic hydrogen wave might
atisfy these criteria, but is unlikely to occur at such potentials.
The manual polarogram of o-nitrobenzenearsonic acid presents a limiting adsorp-
ion current (Table II) which is less than the diffusion current, although there is an
idication that the adsorption current may become diffusion limited at long drop
imes. The electrocapillary curve (Fig. 2) is similar to that of thallium5 and shows
trong adsorption of a positively charged species before the reduction, but no adsorp-
ion after the reduction, which implies that the limiting reaction must precede the
eduction. The limiting process is probably the rate of adsorption because (a) the
miting current is suppressed by the addition of a surface active material, and (b)
he cathode ray peak (which will be proportional to the extent of adsorption) is
elatively large compared with the limiting current. Presumably the adsorption
ccurs through the hydroxylammonium group, as the positively charged group, and
lso the arsonate group, which may account for the slowness of the reaction. Whatever
he mechanism, however, it is clear that the adsorbed material is reduced more easily
han the unadsorbed material.
When the limiting adsorption current is greater than the diffusion current, due to
tronger adsorption, the conventional polarographic wave will follow the lower part
f the adsorption step up to the diffusion current level and will then be cut off
harply. This is shown in the polarogram of ADNS (Fig. 6), and can occur without
ny difference in the half-wave potentials of the adsorbed and bulk material.
The peak given by Thoron Reagent appears to be due to the adsorbed layer being
sduced less easily than material in the bulk solution. This has no effect on the shape
f the manual polarogram (although the diffusion current is probably decreased by
dsorption of the reduced form), or on the cathode ray polarogram which starts after
he first wave, for in both cases no Thoron Reagent is available at the electrode
urface for adsorption. However, when the sweep starts before the first wave, the
dsorbed Thoron Reagent is reduced only at a more negative potential giving a peak
'ithout a diffusion current. The size of this peak (assuming there is no spike maxi-
mm) corresponds to a surface coverage of 100-200 sq. A/molecule.
The results illustrate three distinct ways in which adsorption of a depolariser may
ffect a polarogram: the adsorbed compound may be more difficult to reduce, or
lore easily reduced, or there may be little difference in the reducibility. These
ossibilities are represented by Thoron Reagent, o-nitrobenzenearsonic acid and
TINS respectively.
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Related phenomena were examined by BrdiCka6, who derived an equation for th
polarogram of a fully reversible reduction on the assumption that.
id— i =■ I A
where id is the diffusion current, i is the current at any specified potential, I is th
contribution due to diffusion according to the IlkoviC equation and A is the contri
bution due to the adsorbed material. This equation implies that an increase in A wil
decrease the polarographic current i, so that reduction of the adsorbed material cai
hardly make a significant contribution to A, as assumed by BrdiCka.
A similar relation, and a similar final equation is obtained if the assumption is mad
that adsorption decreases i in proportion to the amount of adsorbed material. Th
adsorption wave following the normal wave is then to be considered as the increas
in i due to the removal of adsorbed depolariser.
It follows that adsorption of the reduced form should cause a decrease in the mor
negative part of the wave, resulting in an adsorption step at the start of the wave
as seen in the cathode ray polarogram of Thoron Reagent. Methylene Blue gives ;
similar polarogram, and it appears possible that the double peak is a characteristic o
strongly adsorbed compounds, whether in the oxidised or reduced form.
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summary
The polarograms of certain oHAo-substituted arsonic acids show unusual features
which are attributed to adsorption on the basis of the corresponding electrocapillar
curves. It is concluded that the adsorption of these compounds alters their reduci
bility and at the same time decreases the diffusion current; the three types of effec
to be expected are illustrated by the arsonic acids investigated. Although desorptioi
was observed the effect on the polarogram was minor.
resume
Les polarogrammes dc certains acides arsoniques substitutes en ortho montrent de
caracteres extraordinaires que les auteurs, en se basant sur lcs courves electrocapillai
res correspondantes, attribuent a l'absorption. lis concluent que l'absorption de ce
composes change leur reductibilite ct en meme temps diminue le courant de diffusion
les trois types d'effets auxquels on peut s'attendre sont illustr^s par les acides arso
niques etudies. Bien qu'une desorption fut observee, son effet sur le polarogrammi
etait peu important.
zusammenfassung
Die Polarogramme gewisser ortho-substituierter Arsonsauren zeigen ungewohnlicb
Eigenschaften, die, auf Grund der entsprechenden Elektrokapillarkurven, au
Adsorption zuriickgefiihrt werden. Die Verfasser scbliessen, dass die Adsorptioi
dieser Verbindungen deren Reduzierbarkeit andert und zugleich den Diffusionsstron
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vermindert; die drei zu erwartenden Auswirkungsarten werden durch die unter-
suchten Arsonsauren beleuchtet. Obwohl Desorption beobachtet wurde war ihre
Auswirkung auf das Polarogram unbedeutend.
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A polarographic method for fluoride
(Received 16 February 1960)
Several methods for the polarographic determination of fluoride have been proposed; many of
these require relatively large amounts of fluoride. For microgram amounts Langer1 described the
first amperometric method, and Shoemaker2 was able to measure 1-200 /rg fluoride with a rotating
platinum electrode. McNulty et a!.3 described the determination of 0.1-40 fig of fluoride. None of
these methods makes use of the full potentialities of the polarographs now available.
The basic reaction in all the most widely-used fluoride analyses is the complexing of a metal by
fluoride, and the amount of uncomplexed metal is measured, in equilibrium methods (which are
more sensitive than titrations), either directly or by adding an indicator. The effect of fluoride is
thus to decrease the reading, and the estimated value is the difference between two large values,
which reduces the accuracy of the measurement. The components of the system which increase on
addition of fluoride are the fluoride complex and the free indicator. Since there are no known
fluoride complexes which give a polarographic wave distinct from that of the metal, a survey has been
made of polarographically reducible compounds capable of binding thorium, which forms one of
the strongest fluoride-metal complexes.
Two substances have so far been found which, under appropriate conditions, give a polarographic
wave increasing in height with added fluoride (Table I).
Table I.—Optimum change in polarographic wave height due to fluorine
System Change, fiamp\fig F
Ai 4- Solochrome Violet RS3 -015
Th + Chrome Azurol S +0-012
Th + o-nitrobenzenearsonic acid 4-0-56
It is apparent that Chrome Azurol S is unsatisfactory, but it has been possible to develop a simple
method for the determination of microgram amounts of fluoride with o-nitrobenzenearsonic acid.
The reagent is made up to contain:
0-006 % o-nitrobenzenearsonic acid
0-00025M thorium nitrate
8 mg/litre fluoride as sodium fluoride
0-37V chloracetic acid
0-151V sodium hydroxide
0 057V ammonium chloride (for Ag/AgCl anode)
The solution is stable for two weeks in polythene. Two ml of the sample is neutralised, if necessary,
with perchloric acid using 1 drop of 0 002% paramethyl red as indicator, and 1 ml of reagent is
added. The total volume should not exceed 3-4 ml. The peak heights are measured with a cathode-
ray polarograph after de-oxygenation.
The polarogram of o-nitrobenzenearsonic acid has three peaks: the second is small and the
third is double. The calibration curve for fluoride is derived from the ratio of the height of the
second part of the third peak to the height of the first peak, and is essentially linear for 2-10 fig
of fluoride.
One reagent solution was used for 5 determinations on pure fluoride solutions over a period of a
fortnight: the results are shown in Table II.
Table II.—Means and standard deviations of the ratio of peak heights of the
reagent after addition of fluoride
F added, fig Peak ratio Corrected for blank
Nil 0-161 ± 0-002 .—.
1 0-192 4= 0-005 0-031 ± 0-003
10 0-578 ± 0-006 0-417 ± 0-006
Short communications 63
It is apparent that the method is simple and accurate, although it has not been possible to take
advantage of the full sensitivity of the polarograph. The procedure has been developed for use in
conjunction with the diffusion separation of fluoride,4 which eliminates the relatively high blank
values of the standard distillation separation.
The addition of fluoride to the reagent is necessary to avoid a flat portion of the calibration
curve; without this addition the reagent could be used for 10-18 /(g of fluoride.
Summary—A polarographic method is proposed for the determination of fluoride, based on the
action of fluoride on a complex formed between thorium and o-nitrobenzenearsonic acid. Increasing
amounts of fluoride liberate increasing amounts of the organic compound, of which the polarographic
wave is utilised. The wave-height therefore increases with increasing amounts of fluoride, in contrast
to existing polarographic methods for the ion.
Zusammenfassung—Eine polarographische Methode fur Bestimmung von Fluorid wird vorgeschlagen.
Das Verfahren beruht auf der Reaktion von Fluorid mit dem Thoriumkomplex von o-Nitrobenzol-
arsinsaure. Steigende Mengen Fluorid setzen steigende Mengen der organischen Verbindung in
Freiheit. Die durch die organische Komponente verursachte polarographische Welle ist in ihrer
Hohe proportional der Fluorid-Menge; dies ist gegenteilig zu alien bisherigen polarographischen
Fluoridbestimmungen.
Resume—Une methode polarographique est proposee pour le dosage des fluorures; cette methode
est basee sur Taction du fluorure sur un complexe thorium-acide o-nitrobenzene arsonique. Des
quantites croissantes de fluorure liberent des quantites croissantes du compose organique dont on
suit la vague polarographique. La hauteur de la vague augmente done avec des quantites croissantes
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MEASUREMENT OF CARIES PROGRESS
C. P. Wallis
University of Edinburgh, Scotland
Abstract—The development of the carious process has been observed to occur with
considerable regularity in large groups, but the irregular appearance of cavities in
the individual has led to a general impression that caries occurs by chance. An attempt
has been made to apply the group regularities to the individual subject: it is assumed
only that caries is a continuous process. Using this assumption a measure of the aetio-
logical agency can be derived which is found to be proportional under certain limited
conditions to the DMF. It appears that this explains the fact that the DMF, although
based on the past caries experience is also related to current caries incidence. The
aetiological factors are divided into three groups related to the saliva (a), the tooth (r)
and the oral morphology (.s). The variation of these factors with age is considered.
Zusammenfassung—Es wurde beobachtet, daB das Entstehen karioser Prozesse mit
betrachtlicher RegelmaBigkeit in groBen Gruppen auftritt. Aber das unregelmaBige
Erscheinen von Kavitaten bei Patienten bat zu dem allgemeinen Eindruck gefiihrt,
daB Karies zufallig auftritt. Es wurde der Versuch gemacht, die GruppenregelmaBig-
keiten auf den Einzelnen anzuwenden, dabei wurde nur angenommen, daB Karies
ein kontinuierlicher ProzeB ist. Unter dieser Annahme ist es moglich, ein MaB fiir
die atiologische Ursache abzuleiten, das sich unter bestimmten begrenzten Bedin-
gungen mit dem DMF-Wert proportional zeigte. Dies erklart anscheinend die Tat-
sache, daB der DMF-Wert auch zum heutigen Kariesauftreten in Beziehung zu brin-
gen ist, obwohl er in friiheren Karieserfahrungen begriindet ist. Die atiologischen
Faktoren wurden in 3 Gruppen eingeteilt: Speichel (a), Zahn (r) und Morphologie
des Mundes (s). Die Veranderungen dieser Faktoren mit dem Alter wurden beriick-
sichtigt.
INTRODUCTION
Reports of the incidence of caries are now almost universally presented in terms of
the DMF index; such a procedure has been encouraged by several interested organ¬
izations, including ORCA. The advantages of the DMF index are simplicity, a dis¬
tribution which utilizes fairly evenly the entire scale, and good differentiation of
experimental alterations.
On the other hand there has resulted a lack of interest in the detailed aspects of
caries apparently deriving from the almost exclusive use of the DMF. In any caries
survey there results a vast mass of figures which should be capable of yielding valu¬
able information; to condense all this to a series of DMF figures is surely wasteful.
Some intermediate stage of calculation which will permit both extraction and under¬
standing of the information is clearly desirable.
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The problem may be illustrated in a more specific form by considering some
figures provided by a survey carried out several years ago (Walsh and Smart, 1948),
which could not have been expressed in terms of the DMF (Fig. 1). This survey was
Age, yr
Fig. 1. Percentage of caries on opposing interstitial surfaces of lower first and second
molars between the ages of 9 and 14 years. Dotted line indicates percentage of teeth
erupted.
chosen because the children show a high level of conservative treatment; qualita¬
tively similar results have been presented by BackerDirks in an accompanying paper.
Fig. 1 shows that the distal surface of the first molar develops little caries until the
second molar erupts, when it decays rapidly. At the same time the mesial surface of
the second molar also decays, but not quite so fast. From these facts one may draw
certain conclusions.
The interdental space between the first and second molars is, to a first approxi¬
mation symmetrical; it follows therefore that the environment and shape of the
apposed surfaces are similar. Any difference in the amount of caries in these surfaces
can then only be attributed to a difference in the structure of the enamel of the two
teeth. This leads to the conclusion that the enamel of the second molar is more re¬
sistant to caries than the enamel of the first molar, in spite of the longer exposure
of the latter to the oral fluids. One might speculate that this difference is due to the
formation of the first molar at a time of greater stress.
This argument is purely qualitative; nevertheless, precise figures are available
and it is reasonable to expect that one should be able to devise a quantitative argu¬
ment leading to a quantitative result. In order to achieve this aim it is first necessary
to describe the progress of caries in mathematical terms. A number of equations of
this kind are available in the literature, but in each case the interpretation of the
parameters in functional terms presents difficulties. The DMF index, on the other
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hand, although purely descriptive and unsatisfactory as a mathematical tool seems
to bear a remarkably close relationship to a true caries progress function, and the
present work was predicated on the supposition that there is in fact a variable which
can be used to describe caries progress.
THEORETICAL
There is now little doubt that the appearance of a detectable cavity is merely
a stage in the development of a carious lesion. In general the development appears
to proceed steadily, although there may be variations in the speed. It may therefore
be concluded that the process of formation of a cavity is continuous in the mathe¬
matical sense.
It is postulated that the rate of increase in the size of a cavity (G) is equal to the
variable (f) which it is desired to investigate:
4r=<"
Integration between suitable limits gives:
= (2)
l le
where t is the age at examination and te the age at eruption of the tooth and the
dash indicates a mean value over the time interval in question to distinguish the
function from the mean value over the population represented by a bar over the
symbol, £' is the value of the variable attributed to the individual and is equal to
zero for the individual having the same amount of caries as the population mean.
The instantaneous value of £ at the time of examination may be obtained from the
equation
e = r+«-Q-^. (3)
£o is the parameter describing the population, which may change with time or with
the age of the population, but all values for the same population are comparable.
It represents the resultant intensity, of the various aetiological factors combined to
produce caries. For convenience these factors may be divided into three groups,
associated with the activity of the environment (a), the morphological shape of the
environment (j) and the resistance of the tooth (r). Thus
So =/(«'. r', s')
and S'+S'o = f(a',r',s').
The exact form of these equations requires rather extensive data for its determina¬
tion, but it may be expected that a first order relation will be satisfactory initially.
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Although experiments can be devised to use G as a variable, in the normal caries
survey it is a parameter of the method of examination and may be defined as the
number of years required to produce a cavity of just detectable size in a mouth with
unit value of the function (f'-j-£o)- It is unlikely that G would show a linear relation
with the loss of calcium from the enamel.
RESULTS
To calculate values off it may be observed that for each value of £' there is a cor¬
responding value of t. It follows therefore that the distribution of £' will be the same
as the distribution of caries in time, and the latter shows an approximately normal
distribution. The scale of £' can be defined as that which gives a normal distribution
of £' and thus values of £' can be obtained from a table of probits.
Equation (2) predicts that £' is inversely proportional to t, so that if f' is plotted
on a graph against the reciprocal of the exposure time, a straight line should be
obtained, provided that the parameters remain constant.
Upper molars occlusal caries
l/'-t.
Fig. 2. Relation of f to reciprocal exposure time for occlusal surfaces of first
permanent and second deciduous molars between ages of 5 and 8 years.
An example is shown in Fig. 2 for the occlusal surfaces of two teeth at the same
ages, but different exposure times. At longer exposure times an approximately linear
relation is obtained. This does not prove that lo is constant since the value of G
probably does not correspond with the slope of the line; the change in £„ is constant
however.
At shorter exposure times a curvature appears which has been found consistently
in all figures examined. This curve implies that tj'0 shows an initial fall followed by
a rise at the same time as the figure for teeth with longer exposure in the same children
shows a steady rise. This must be interpreted as a steady increase in the value of a'
over the period considered (5-8 years), together with a sharp increase in r' shortly
after eruption tending to a more constant value after a short time.
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The relation between f and DMF has been investigated in a number of cases,
of which Fig. 3 is an example. There is in general a rough linear relation in each age
group, but breaks appear, particularly at DMF 4 and 8, and are more marked if
particular types of teeth are considered.
DMF surfaces
Fig. 3. Relation of f to DMF surfaces between ages of 6 and 14 years.
DISCUSSION
The most pressing need in preventive dentistry at present is a method of evalu¬
ating prevention in the individual: to be able to answer the question how much caries
would a child have had if he had not been treated with a particular preparation.
Such a question cannot be answered by examining the mouth, but will probably
require a series of special tests. Nevertheless such tests cannot be relied on in the
individual unless some method of assessing individual susceptibility is available,
and the relative importance of the various aetiological factors in each individual.
There is however a shortage of suitable figures on which deductions of this kind
may be made. Evidence has been presented that there is an increase of enamel resist¬
ance after eruption. To give a specific value to this change it is necessary to have
two further series of figures. The time of eruption of the carious teeth must be known;
this will be earlier than the time of eruption of the whole tooth population, but may
be calculated approximately. Secondly it is necessary to have an estimate of the rate
of increase in cavity size in order to determine G, although once determined for
a particular examiner the value should remain constant.
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Ultramicro Determination of Phosphate
Solubility of Surface Enamel
A method has been described recently for measuring
the solubility of the enamel surface in the mouth by
recording the time taken for an indicator to change colour
in the presence of a small amount of hydrochloric acid1.
It appeared useful to investigate the rate of solution
of enamel at a pH closer to that which can be recorded
in the mouth and using a more precise estimation. A
sensitive method of phosphate determination was devel¬
oped on the basis of the work of Boltz and Lueck2 and
Rhodes3, using reduction of phosphomolybdate in the
aqueous phase and extraction of the blue colour produced.
Increased sensitivity was achieved primarily by reduc¬
tion of the final volume measured, although the solvent
causes some enhancement of the absorption. A drift in the
spectrophotometer reading (as noted earlier3) was found
to be due to water droplets, and could be eliminated by
cooling the solution below room temperature and centri-
fuging.
Using this method the phosphate dissolved in 1 min
from the enamel surface of dental patients by 2 pi of M
citrate buffer pH 3.5 has been measured. The buffer was
applied on filter paper discs, covered on the exposed side
with thin polythene sheet to prevent evaporation. A
certain proportion of the buffer remained on the tooth
when the disc was removed, and it was necessary to add
a dye in order to estimate the loss.
Procedure. The tooth was polished with a fine abrasive,
washed with water and dried. A 3 mm disc of Whatman
no. 4 paper covered with a similar disc of 0.04 mm poly¬
thene sheet was saturated with 2 pi M citrate buffer
pH 3.5 containing 2% Orange G; the disc was applied
to the tooth for 1 min and then placed in 3 ml of water
in a stoppered tube. After transportation to the labora¬
tory the dye concentration was determined by measuring
the optical density at 480 mp. 1 ml of a freshly mixed
reagent containing 0.8% ammonium molybdate, 4N sul¬
phuric acid and 0.02% hydrazine sulphate was added
1
and mixed thoroughly. The tube (with a loosely fitting
stopper) was placed in a boiling water bath for 15 min
and then cooled in ice. The solution was extracted with
1 ml of cooled 4-methyl-2-pentanone and centrifuged
briefly at 1000 g. The upper layer was transferred to a
20 x 3 mm cell and the optical density was measured at
780 mjji. A standard solution was included with each run.
The entire chemical procedure apart from the final
measurement was carried out in a single tube.
Using the chemical procedure only, a standard deviation
of ± 0.13 m(j.moles was obtained with a series of known
solutions containing 1-9 mpmoles of phosphorus. For re¬
peated determinations of 5 mpmoles the standard devia¬
tion was i 0.36.
The blank value rose slowly with the age of the reagent,
but initially, for discs extracted without contact with a
tooth was equivalent to 0.3 mpmoles of phosphorus. The
mean amount of phosphorus removed, for all teeth
examined in the mouth by this method, and its standard
deviation, were 2.3 ± 0.55 mpmoles.
In a series of five central incisors examined in the
mouth, the procedure was repeated on the same area,
omitting the polishing. The mean value for the first
measurement was 2.4 ^ 0.6 mpmoles and for the second
measurement 1.9 ^ 0.2 mpmoles, the variance ratio being
statistically significant at the 5% level.
1 mjxmole of phosphorus corresponds approximately to
the removal of a 20 A layer of enamel. The results suggest
that the outer 50 A of enamel is more heterogeneous than
the underlying enamel. This may be due in part to the
difficulty in controlling the removal of superficial organic
matter by polishing.
Resume. On a d6velopp6 un ultramicrodosage du phos-
phore et a appliqud ceci a l'extrait du papier a filtrer
qu'on a satur6 du tampon critique a pH 3,5 et tenu sur
la surface d'une dent dans la bouche.
C. P. Wallis
Department of Biochemistry and School of Dental Surgery,
University of Edinburgh {Scotland), August 24, 1961.
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